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Abstract
The synchronous catastrophic mortality in the semelparous cuttlefish (Sepia apama),
is an annual winter event in the coastal waters of southern Australia. This creates an abundant
food resource that attracts large numbers of marine carnivores to the Wollongong coast,
including several species of albatross. This provided the opportunity to investigate the
nutritional requirements and energetics of non-breeding albatrosses at the nearby University
of Wollongong research facilities..
My objectives for these studies were: a) to determine the digestive (assimilation)
efficiency of Diomedea albatrosses for cuttlefish; b) to measure the postprandial metabolism
of albatrosses (2 species) with the aim of determining the energy cost of heating cold meals
and the extent to which Specific Dynamic Action (SDA) contributed to food warming; and,
c) to test whether the published values of 20% higher Basal Metabolic Rates (BMR) of large
Diomedea albatrosses (6-10kg) compared to those for smaller species (Thalassarche,
Phoebastria Spp.; 2.5-3.5kg) were maintained outside the breeding period.
Reported values for albatross BMR suggested that mass-specific BMR (BMRm) of
Diomedea was ~20% greater than for the Thalassarche genus. To confirm this observation, I
measured BMR in four albatross species; wandering, Gibson’s, white-capped (Thalassarche
steadi) and Campbell (T. impavida), using open system respirometry. BMR had not
previously been measured for the latter three species, but the results of these measurements
confirmed the existence of intergeneric difference in mass-specific BMR. From anatomical
studies I found that D. gibsoni kidneys were some 20% larger than those of T. steadi. As
kidney mass has been found to be a major contributor to BMR in other avian species, this
result may partially account for the observed intergeneric BMR difference
I used open system respirometry to measure albatross post-prandial metabolism
(PPMR) for meal temperatures of 0, 20 and 40°C (body temperature  40°C) in Diomedea
albatrosses (largest species) and the Indian yellow-nosed albatross (T. carteri) (smallest
species). Combining these results with a mathematical model of albatross stomach
thermodynamics, I was able to estimate components of PPMR and evaluate the fractional
contribution of specific dynamic action (SDA) to the energy cost of heating cold meals. I
estimated SDA to be 5.7% of gross energy ingested (GEI) and the cost of heating cold meals
at 0°C to be >5% of GEI. Because of physiological delays inherent in thermoregulation
following ingestion of cold meals, the resultant rise in metabolic heat production was over
50% above the calorimetric energy required to heat this meal. The contribution of SDA

towards warming 0°C meals fed in amounts equivalent to 20% of body mass was estimated to
be 17.9% and 13.2% in Diomedea and Thalassarche carteri, respectively. Consequently, the
combined effect of these interacting processes results in an energy loss of more than 7% of
GEI in meals consumed at these temperatures.
One highly visible characteristic in which the petrel family differs from other avian
species is their long narrow (high aspect ratio) wings. Many studies have demonstrated that
petrels have a superior gliding/soaring ability, which they utilise to extract energy for
transport from oceanic airflow (winds and air displaced by ocean swells). Low-cost transport
is essential for survival of large albatrosses in pelagic ocean waters, because suitable forage is
often distributed in patches separated by hundreds to thousands of kilometres. I expected that
an investigation of petrel anatomy, particularly locomotor muscles, might reveal
morphological features that related to lower transport costs. I was able to obtain 125
specimens of 18 species of Procellariiformes that were collected by the New Zealand
Department of Conservation as by-kill recovered from commercial fisheries. I used these for
extensive anatomical examination, particularly of locomotor muscles and central organs, as
the size of these can be correlated with aspects of albatross energetics and ecology.
From allometric relationships derived for petrel locomotor muscles I found that the
locomotor mass for petrels scaled isometrically. As body size increased, however, petrels
redistributed locomotor muscle mass; with pectoral muscle mass showing decreases while
other flight and leg muscles increased. Overall, the locomotor muscle mass of petrels is
25.5% less than for other avian orders, and this is directly attributable to their smaller flight
muscles. The pectoral muscles, which generate the power for flapping flight, scale with an
exponent of 0.91, while wing loading scales with an exponent of 0.39. Field observations
reveal that all petrels use a take-off run to become airborne and that this increases in length
with increasing body size, thus demonstrating the physical effect of this divergent scaling.
This has a limiting effect on flight performance in the larger species (albatrosses); take-off
can be a difficult task in calm conditions or when flight performance is degraded by moulted
flight feathers. Leg muscle power therefore provides an important power contribution during
this critical stage of flight. Petrel leg and pectoral muscles are comparable in size, and the leg
muscle scaling exponent of 1.16 demonstrates the capacity to offset the inverse proportionate
relationship between pectoral and body muscle masses. The relatively small flight muscles of
petrels results in reduced maintenance energy cost and a reduction in induced drag, and
therefore lower transport costs during flight. These cost reductions imply a significant
cumulative saving for species in which flight is a dominant feature of their life history.
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Chapter 1
Introduction to thesis
1.1 The petrels
The pelagic ocean waters encompassing over 60% of the globe are home to
about 120 species of the avian order, Procellariiformes or petrels. Their body mass
range spans some 3 orders of magnitude from 20g (storm petrels) to 10kg (albatrosses).
Petrels are longevous, and their potential lifespan is relatively independent of body mass
(Buttemer et al., 2009). With the exception of the biennially breeding Diomedea,
Phoebetria and Grey-headed albatrosses (Thalassarche chrysostoma),all sexually
mature petrels breed annually and attempt to successfully raise one chick (Warham
1990, Tickell 1968, Tickell and Pinder, 1975). In the southern hemisphere breeding
colonies are generally located on remote islands between the equator and the Antarctic
continent, but the majority of albatross species breed on subantarctic islands in the
Southern Ocean
Long-term banding and tracking studies using satellite, GPS and data logger
technology have revealed much information on their foraging biology, strategic use of
airflow, resource partitioning and ability to adapt to annual changes in resource
distribution (Weimerskirch et al., 1993; Nicholls et al., 1995; Murray et al., 2003a,
2003b; Xavier et al., 2003; Gonzales -Solis et al., 2009; Kappes et al. 2010. The vast
distances covered and observations of their flight characteristics, leave little doubt that
the characteristic long narrow (high aspect ratio) wings permit petrels to exploit ocean
air currents and achieve low energy cost transport.
In addition to low flight costs, albatrosses have several features promoting an
energetically frugal existence, including extended reproduction periods, lifelong pair
bonds, natal philopatry, colonial breeding, an extended period of body moult (3-6 y.)
and anatomical structures to lock wings in flight. Their life on the open ocean, along
with the remoteness of their breeding colonies, are challenging aspects for those
attempting to undertake research into albatross energetics.

1.2 Status of energetics research
Studies of albatross and other petrel species have been limited to measurement
of basal and field metabolic rates of several petrel species at breeding colonies (Ellis
and Gabrielsen, 2002). In addition to these, some data on wing aspect ratio, wing

loading and body temperature has been compiled by Warham (Warham, 1971; 1977),
and some flight analysis has been undertaken by Pennycuick (Pennycuick, 1983). At
breeding sites, metabolic rate measurement data can be confounded by examining
animals that have their physiological status possibly influenced by breeding associated
factors. These include prolonged fasting during incubation, transitional states when
entering or leaving incubation, foraging for more than one individual within a regime
where body mass is significantly reduced, and the presence of non-breeders at colonies.
Energetic studies from within the non-breeding period, the greater component of
albatross life time, are conspicuously absent. The general absence of knowledge, the
possibility of some interesting results and the presence of the winter congregation of
albatrosses off the New South Wales coast, inspired me to initiate some research to
characterise the energetics and nutritional biology of non-breeding albatrosses.

1.3 Research direction and scope
This was determined by the following related factors a) The absence of
knowledge of the morphometrics of the locomotor muscles and central organs of
petrels, an order of birds with a morphology distinct from all other birds. Without these
data it is not possible to make comprehensive comparisons with non-procellariform
birds or comparisons of albatrosses with other petrel species. The availability of a set of
petrel specimens, recovered from commercial fishing operations, gave the opportunity
to obtain the data required to address this hiatus. b) The minimal knowledge of
energetics and nutrition of non-breeding albatrosses. To address this aspect, I had an
environment that was conducive to successfully conducting studies of energetics and
nutrition: availability of useful numbers of six species of albatross from two genera,
Diomedea and Thalassarche; a relative abundance of the prey species, the cuttlefish
Sepia apama, on which albatrosses were feeding; the availability of proximate research
facilities; experience in catching and handling albatrosses and experience in
physiological studies.

1.4 Thesis structure
Probably the dominant factors in the ability of this avian order to successfully
exploit pelagic marine resources are low cost transport and well developed olfactory
capabilities (Nevitt, 1999; Nevitt et al., 2004). Petrels have homogeneity of form
(Warham 1977), an ideal feature for allometric studies. The New Zealand Department

of Conservation, made available to me 125 fresh specimens of 18 species of petrels
(body mass range 122-8687 g.), recovered from commercial fisheries by-kill. Using data
from these I derived allometric relationships for petrel locomotor muscles. For
comparative analyses with non-procellariform birds I derived allometric relationships
from an extensive data set compiled by Hartman (Hartman, 1961). As petrels extract a
significant amount of energy used for transport from ocean air currents, I expected to
find some significant differences in the locomotor muscle dimensions of these two
groups. The resulting analysis did show conspicuous differences between
Procellariiformes and other orders, the details of which are found in Chapter2.
Basal metabolic rates (BMR) of endotherms can be used interspecifically to
compare background maintenance costs of individuals in similar physiological states or
intraspecifically to examine variations in maintenance needs among an individual’s life
stages. These can reveal differences in energy use that can be contrasted with metabolic
studies of other species and reveal functional correlates of life history differences. Using
open system respirometry, I measured BMR to examine the robustness of metabolic
differences reported for two of the main genera albatrosses.
BMR is often correlated with the mass and metabolic intensity of particular
central organs. Such studies require death of the subjects, after which organs can be
harvested and used for tissue slice studies. This was not an option with albatrosses, but I
did have organ dimensions from by-kill specimens, from which I derived organ mass
allometric relationships. The by-kill data set included appropriate sample sizes for two
of the species for which I measured BMR, and these were used in an extensive analysis
presented in Chapter 3.
Albatrosses found in winter off the Wollongong coast, forage almost exclusively
on the cuttlefish Sepia apama. This is within a period when they are replacing primary
flight feathers, and these are probably the most functionally important plumage
components for these long-distance foragers. These feathers at replacement time are
heavily abraded preceding the moult. I expected that nutritional quality was very
important throughout the period of their replacement, which is a biennial event (Prince
et al., 1997). I had two objectives for this component of my study. The first was to
determine the assimilation efficiency of S. apama by albatrosses and the second
determination of the composition and energy density of S. apama tissue. For the
determination of assimilation efficiency I held albatrosses under laboratory conditions
for up to seven days. This was a demanding logistical exercise, and I confined this study

to Diomedea albatrosses. I recovered fresh S. apama carcasses from the ocean off
Wollongong for nutritional and energy content analysis and to provide food for captive
albatrosses. The findings of these studies are detailed in Chapter 4.
From various studies of endotherms, it is clear that not all energy assimilated
from a meal can be used for sustenance. Part of the energy consumed appears as specific
dynamic action (SDA), which is an involuntary post-prandial elevation in metabolic rate
associated with meal processing. Unless it can be used profitably for thermoregulation,
it is an overhead of meal digestion and assimilation. Wilson and Culik (Wilson and
Culik, 1991) and Østnes and Bech (Østnes and Bech, 1998), demonstrated that ingestion
of cold food can significantly elevate post-prandial metabolism above levels due to
SDA alone. Albatrosses forage in cold water, as low as -1.8°C near the Antarctic
continent, and as forage is either carrion or ectothermic organisms, then the cost of
heating these cold meals could be a substantial component of assimilated energy. My
review of the literature revealed that SDA studies involving endothermic predators
generally neglected to account for this factor. To complement the assimilation
efficiency study and to gain a more precise estimate of the useful net energy assimilated
from a meal, I set out to determine: (i) the SDA for albatrosses fed S. apama. To do this
I had to eliminate the cost of heating a meal, and therefore used meals pre-heated to
albatross body temperature (~40°C) and (ii), the cost of heating cold meals. For this I
fed meals of 0°C and 20°C, and subtracted previously determined SDA from the
measured post-prandial metabolism of meals that were isothermal to albatrosses. It
seemed obvious to me that a large cold meal sitting in an albatrosses proventriculus
would take some time to heat to core temperature. This could give time for heat
production associated with SDA to be recycled and contribute to the warming of the
meal from which it was derived. This analysis required the development and application
of a mathematical model concerning the thermodynamics of heating a cold meal of S.
apama in an albatrosses proventriculus. Some additional measurements of the physical
properties of S. apama were necessary to construct the model. Using this analyticalheat-transfer model, in conjunction with SDA and the cost of heating a cold meal, I
isolated this component to make reliable estimates of its value. For this study I used
open system respirometry to measure post-prandial metabolic rate of the large
Diomedea and the Indian yellow-nosed albatross (Thalassarche carteri), the smallest of
albatross species. The details of this aspect of my research component are in Chapter 5.

Chapter 2
Allometry of the locomotor muscles of flying birds: a comparative
analysis of the petrels (Procellariiformes) and other orders
2.1 Abstract
I excised and weighed the major skeletal muscles from 125 petrel specimens of
18 species, ranging in body mass from 122 to 8687g. All of these birds were good
quality specimens obtained from by-catch of commercial fishing operations. From these
data I derived scaling functions for the mass of petrel flight, leg and neck muscles. To
derive scaling functions for other avian orders for a comparative analysis, I extracted
data for some 360 species of 16 orders from an extensive data set compiled by Hartman
in 1961. Most petrel species have an enhanced ability to extract energy from oceanic air
movements by soaring/gliding on long wings (diving petrels excepted) and this is
reflected in the relatively small size and low scaling exponent of their pectoral muscle
mass. The mass of petrel pectoral muscles scales with an exponent value significantly
less than unity (0.84), resulting in flight muscles in petrels, particularly in larger species,
being relatively small compared to non-procellariiform species. The consequent
reduction in their flight performance is likely to be critical only during take-off, but
petrels usually have the advantage of unobstructed take-off paths at sea and have
compensated for this by adopting a take-off run. This strategy combines leg and flight
muscle power to attain flight. I found petrel leg muscles to be comparable in size to
pectoral muscles, but to scale with an exponent of 1.16. The inclusion of flight in leg
muscle functionality has resulted in petrels generally having, on average, ~25% less
total locomotor muscle mass than other avian orders, which, in turn, will reduce energy
costs of transport and existence metabolism in these pelagic seabirds. As carnivores,
petrels need to tear fragments from tough forage/prey floating free in the ocean, often
using wing driven, impulsive, reverse body thrusts. The force generated is transferred to
a hooked bill through a significant neck muscle mass, estimated at 7.5% to 14% of
skeletal muscle mass among all petrels examined, and scaling with a body mass
exponent of 1.16. Locomotor and neck muscle mass are estimated to exceed 98% of
total skeletal muscle mass of petrels.

2.2 Introduction
Petrels (Procellariiformes) are an order of ≈ 120 species of seabirds, which
inhabit pelagic ocean waters that cover approximately 65% of the surface of the Earth.
The majority of their lifetime is spent at sea, flying and swimming in an environment
that has wind, air currents generated from waves, and offers unobstructed flight paths at
sea level. Their forage/prey is patchily distributed in space and time, and consequently
petrels traverse vast areas to acquire the resources necessary for existence (Serventy,
1967; Weimerskirch et al., 1993; Weimerskirch et al., 1994; Shaffer et al., 2001;
Chaurand and Weimerskirch, 1994; Walker and Elliott, 2006). Such foraging favours
low transport costs, and this is reflected in the ability of most petrels to glide and soar
on both ocean winds and air movements created by ocean waves. Petrels are often seen
surfing in wave troughs on the air displaced by wave motion. They use a range of flight
modes: from flap/glide to dynamic soaring and transition through these modes occurs
with increasing body mass and wind speed. The enhanced gliding/soaring ability of
petrels is a consequence of their high aspect ratio wings, and their ability to exploit
oceanic air motion (Warham, 1977; Pennycuick, 1983; Warham, 1996; Sachs, 1993).
Wing aspect ratio indicates wing length:width ratio, and has a high value for wings
adapted for gliding. Petrels have especially long and narrow wings compared to other
avifauna, which is clearly seen when wing aspect ratio is plotted against wing loading
for petrels and 16 other orders of flying birds (Fig. 2.1). Even storm petrels with a body
mass < 40g and relatively low wing loading, have a greater aspect ratio than any nonprocellariform species. All petrel species therefore have an inherent capability to glide
and extract transport energy from oceanic air currents. I expected that this capability
would be reflected in other morphological/physiological characteristics of petrels. The
main objective of this study was therefore to determine if the locomotor muscles of
petrels differed to those of other bird assemblages. Because this study relied on
allometric analyses I also expected to gain insight into the mass-affected distribution of
petrel skeletal muscles across a two decade range of body mass.
Petrel feet and legs are used for a range of vital functions; for skittering, a form
of rapid locomotion across the sea surface using both wings and feet, swimming,
underwater propulsion in the species that dive, digging burrows (with the exception of
some, mostly large, surface nesting species), and terrestrial locomotion at breeding
colonies. Petrels also use their feet and legs to provide additional thrust for take-off.

This latter function implies that leg and flight muscles are functionally complementary
for this phase of flight, and I expected that this would be revealed through a
comparative analysis of petrel locomotor muscles with those of other avian orders. For
this comparison I derived scaling functions (allometric equations) and body massspecific muscle masses for petrels and for morphological data compiled by Hartman
(Hartman, 1961) for 16 other avian orders.

Fig. 2.1 The high aspect ratio of procellariiformes (34 species) and comparatively high wing
loading of the larger species of the order are apparent in this comparison with 330 other species
of flying birds. Data from Hartman (1961) and Warham (1977)
Commercial fisheries generate a significant seabird by-kill, most of which are
petrels, and in recent decades declines in many petrel populations have been attributed
to the activities of this industry (Crawford and Cooper; 2003; Delord et al., 2005). The
New Zealand Department of Conservation (NZDOC) and Ministry of Fisheries regulate
and monitor commercial fisheries within the NZ extended economic zone, and use
specialist scientific observers on fishing vessels to document and collect avian by-kill,
which is frozen and returned to shore for identification (Robertson and Bell, 2002,
Robertson et al., 2004 ). Many of the bird carcasses collected in this way are in
excellent condition and I was provided some of these for this study.

2.3 Material and methods
The size of a particular trait (Y) in relation to the body mass (M) of a group of
organisms uses scaling functions taking the form
Y = AM x

(1)

with the other terms, A and x, representing the scaling coefficient and scaling exponent,
respectively (Peters, 1983). To accurately determine scaling relationships, data spanning
a wide range of body masses are essential and I was fortunate to obtain a sufficient
range from petrel specimens recovered from fishing industry by-kill. I acquired 125
specimens of 18 species of Procellariiformes with a body mass range of 122 to 8687 g
(Table 2.1), spanning almost two orders of magnitude. All birds had been kept frozen
from the time they were removed from fishing equipment until they were thawed for
dissection.
The greater susceptibility of larger species to capture by fishing activities is
reflected in the size distribution of birds sampled (Table 2.1). With the exception of the
storm petrels (Hydrobatidae), which are rarely encountered in by-kill, this sample set
includes individuals from the major families of the Procellariiformes. Scaling
parameters were generally derived from data taken from the entire set of 18 species, but
for some muscle groups, fewer species were sampled due to limits on the time available
to complete the dissections. I used average muscle and body masses for species having
more than one representative. For identification of albatross species, I have used the
proposed nomenclature of Nunn and Robertson (1998).
As most of the specimens had been immersed in seawater before collection, their
plumage was saturated with salt water and body weight could not be obtained directly
before being frozen. I therefore thawed and skinned the birds, rinsed the skins in fresh
water, and dried the plumage in a forced draught. I took separate weights of the skins
and carcasses to the nearest 0.1 g with an Ohaus Model E1F110 (Nankinon,
Switzerland) balance and summed these to obtain body weights.
Flight muscles can be separated into 3 groups: pectoral muscles, which
principally provide the power for flapping flight with pectoralis major used during the
downstroke and supracoracoideus during the upstroke; inboard proximal wing muscles,
located in the thoracic region, used for wing manipulation and attached by long tendons

to various points in a wing; and forearm muscles, which are relatively small and are
embedded in the wing structure.
I carefully dissected one set of flight and one set of leg muscles from each
specimen. These were weighed as a group after trimming off any storage fat. I then
separated and then weighed pectoral, supracoracoideus, forearm and the inboard
proximal wing muscles. The pectoralis major muscle in petrels has two major
components, which I will refer to as the superficial and deep pectoral (Stresemann 1934;
Kuroda, 1961; George and Berger, 1966; Pennycuick, 1975). These were weighed
separately.
Table 2.1 Species, sample counts and mean body weights (M) of petrel species used in this
study. N sample size.

Species

*Body mass (kg)

n

Fairy Prion, Pachyptila turtur

0.122

1

Common Diving Petrel, Pelecanoides urinatrix

0.125

1

Broad-billed Prion, Pachyptila vittata

0.180

1

Cape Petrel, Daption capense australe

0.401±0.035

6

Grey-faced Petrel, Pterodroma macroptera gouldi

0.502±0.015

4

Flesh-footed Shearwater, Puffins carneipes

0.550±0.045

3

0.651

2

Grey Petrel, Procellaria cinerea

0.983±0.019

27

White-chinned Petrel, Procellaria aequinoctalis

1.171±0.028

27

Westland Petrel, Procellaria westlandica

1.086±0.076

3

2.480

1

Buller’s Albatross, Thalassarche bulleri

2.746±0.073

17

Chatham Albatross, Thalassarche eremite

3.213±0.278

5

White-capped Albatross, Thalassarche steadi

3.500±0.378

11

Salvin’s Albatross, Thalassarche salvini

3.545±0.220

8

3.761

1

6.424±0.238

6

8.687

1

Black Petrel, Procellaria parkinsoni

Campbell Albatross, Thalassarche impavida

Black-browed Albatross, Diomedea melanophrys
Antipodean Albatross, Diomedea antipodensis
Royal Albatross, Diomedea epomophora
*Values are mean ± s.e.m.

The superficial pectoral muscle is in contact with the inner surface of the skin, while the
deep pectoral is attached to the skeleton below the superficial pectoral muscle. In
smaller petrels I found the two pectoral muscles to be separated by a membrane, but in
albatrosses these were generally lightly fused over 20-70% of their length, both within
and among species. These two muscle components, which I weighed separately, could
be identified by colour and size; the superficial pectoral was deep red to reddish brown
and was always the larger muscle, while the deep pectoral was pink. Total muscle
masses were estimated by doubling the measured values. Depending on muscle size,
masses were measured on either an Ohaus Model E1F110 to the nearest 0.1 g or on a
Mettler PM400 (Toledo, OH, USA) to 0.01 g to give at least 0.1% precision.
For comparison of muscle masses and scaling functions of Procellariiformes
with other avian orders, I used data from over 5600 individuals of 360 species and 16
orders from a data set compiled by Hartman (1961) (from hereon called the Hartman
data set), and also some data from Greenewalt (1962). Although these data do not fully
represent all avian orders, they are the best available. For derivation of scaling functions
for wing aspect ratio and wing loading of petrels, I used data from Warham (1977).
To identify whether locomotor muscles differed between petrels and other birds,
I derived mean body mass fractions of locomotor muscles for petrels and 16 orders from
the Hartman data set. I then used the resultant distributions of fractional muscle masses
across orders to compare flight, pectoral, supracoracoideus, leg, and total locomotor
muscles.
I performed ANOVA on the various muscle mass data sets for the 17 avian
orders investigated and evaluated the power (beta value) of the ANOVA using the
methodology described in Cohen (1977). This allowed me to confidently test for the
probability of Type 2 errors if ANOVA test beta values were high (>0.95).
Microsoft Excel was used to derive descriptive statistics of the muscle sets of
each species, to perform ANOVA on mean values, and for regression analyses of
muscle masses to determine scaling exponents (x) and coefficients (A). For regression I
used the log transform of equation (1).
All values expressed as percentages or ratios were transformed using Arcsine
x0.5 (Zar 1998) before application of statistical functions. All measures that follow are

given as mean ± 1 s.e.m. Body mass values are given in kg, which means that muscle
mass values (g) for a 1kg bird will then be the A value in the scaling functions.

2.4 Results
2.4.1 Procellariiformes muscle scaling
The coefficients and exponents from the scaling analyses of petrel muscles are given in
Table 2.2. The scaling exponents of inboard proximal wing, total locomotor and total
skeletal muscle groups revealed these muscles to scale isometrically with body mass
whereas all other muscles scaled allometrically (Table 2.2). Correlations were high;
R2>0.97 in all cases except for the supracoracoideus with R2 = 0.82. The
supracoracoideus muscle also scaled isometrically with wing area in having a scaling
exponent indistinguishable from the geometric prediction of 0.67 (p >0.4). The scaling
functions for pectoral, supracoracoideus, inboard proximal wing, forearm, total flight,
total locomotor, leg, total skeletal and neck muscles reveal distinct size-related trends
among the petrels (Fig. 2.2). While the body mass fraction of locomotor muscle remains
constant over the petrel body mass range, the distribution of this mass within the
locomotor muscle complement changes significantly. As body mass, wingspan and
aspect ratio increase, locomotor muscle mass is transferred from the superficial pectoral
to leg, deep pectoral and forearm muscles (Fig. 2.2). The supracoracoideus muscle is
extremely small in all petrels and is 0.7% of locomotor muscle mass in the largest
species. By contrast, neck muscles scale above unity and range between 7.5 and 14% of
total skeletal muscle mass (Figs. 2.2, 2.3).
The body mass fractions of the muscle groups varied markedly across the body
mass range of the petrel species studied, as summarised in Table 2.3. Ranges given are
generally from lowest to highest body mass, but there are some exceptions that are
identifiable in the regression residuals of Fig. 2.2.
The muscle mass data extracted from the Procellariiformes specimens and used
for this study is available as a supplementary file associated with this manuscript.
2.4.2 Locomotor muscle comparisons
Mass-specific locomotor muscle mass comparisons between petrels and other avian
orders are given in Fig. 2.3. The petrels rank lowest for all flight muscles and are ranked
equal with the Pelecaniformes for total mass of locomotor muscles. Only these two

orders have a mean locomotor muscle fraction significantly less than 30% (p < 0.03). In
contrast, the petrel leg muscle fraction is among those orders with the highest rankings.
Table 2.2. List of scaling coefficients (A) and scaling coefficients (x) for petrel muscles.
** not significantly different from unity at p >0.5. * significantly different from unity at p <0.01. #
significantly different from unity for 0.01<p <0.05. † not significantly different from 0.667 at p >0.4.

Coefficient (A)

Exponent (x)

316±15

**1.06±.03

No. of
Species
9

All locomotor

263.8 ± 73.7

**1.03 ± 0.03

18

Leg

105.7±24.5

*1.16±0.03

18

Muscle
All muscle

All flight

#

169.2±29.0

All pectoral

101.6±24.5

Superficial pectoral
Deep pectoral

80.3±24.4

0.95±.02

18

0.91±0.03

18

*0.84±0.03
*1.16±0.02

18
18

#

19.6±2.9
+7.8
*8.0 -4.0
51.7±15. 5

†0.68±0.1

13

**1.01±0.04

18

Forearm

11.2±6.6

*1.31±0.06

15

Neck

33.8 ± 2.5

Supracoracoideus
Inboard proximal wing

#

1.16 ± 0.04

9

I applied one-way ANOVA tests to each of these muscle mass fraction
distributions, as described in the methods section above. These revealed that petrels had
significantly smaller masses of flight (F385,17=15.05, p < 0.001, β > 0.97), pectoral
(F385,17 = 9.49, p < 0.001, β > 0.97) and total locomotor muscles (F385,17 = 9.49, p <
0.001, β > 0.97). While the species sample is small the Pelecaniiformes is the only
family that shows no significant locomotor muscle mass distribution difference to the
Procellariiformes.
The supracoracoideus muscle, used to raise the wing during flapping flight is relatively
small (Table 2.3) in petrels and scales with an exponent of 0.68, effectively in direct
proportion to wing area, and a value not significantly different to the isometric value of
0.67 (p > 0.4). The petrel supracoracoideus muscle mass fraction ranked significantly
below all other avian orders (F385,17 = 9.49, p < 0.001, β > 0.9; Fig. 2.3). The fractional
mean muscle mass values of Fig. 2.3 were derived from the muscle fractional ranges
across the body mass span of the species in each of the avian orders listed in Table 2.4.
As the mass of each of the muscle/muscle groups are allometrically related to body

mass, I derived these relationships for several muscles and muscle groups including
flight, total locomotor and leg muscles of petrels and the 16 avian orders from the
Hartman dataset. Scaling function details are found in Table 2.5, Figs. 2.2 and 2.4.

Fig. 2.2 Scaling functions for skeletal muscles of the Procellariiformes over a 2 decade body
mass range. (a) Pectoral and supracoracoideus muscles used in flapping flight. (b) Muscles
used to manipulate wings and flight control surfaces. (c) Leg and all locomotor muscles. (d)
Neck and all skeletal muscles.
While the body mass fraction of locomotor muscle remains constant over the petrel body mass
range, the distribution of this mass within the locomotor muscle complement changes
significantly. As body mass, wingspan and aspect ratio increase, locomotor muscle mass is
transferred from the superficial pectoral to leg, deep pectoral and forearm muscles. The
supracoracoideus muscle is extremely small in all petrels and is 0.7% of locomotor muscle mass
in the largest species. Neck muscles scale above unity and this probably reflects the need of larger
petrels to manipulate a large powerful bill used to fragment and disable large, tough forage items.

In Fig. 2.4 it is apparent that the leg muscle scaling functions for petrels and other avian
orders are indistinguishable, as the scaling exponents and coefficients of both functions
are virtually equal (p >0.4 for coefficients and exponents). It is also apparent that the
scaling functions for locomotor muscle mass of both petrels and other avian orders have

Fig. 2.3 Comparative mean specific masses of locomotor muscles of petrels (white bars) with
those of other avian orders (blue).
These plots show that petrels generally have substantial leg muscles, but generally less flight and locomotor
muscle masses than other orders of flying birds. Although the Pelecaniformes are poorly represented in the
available data, their equivalent muscle masses are not significantly different from those of the petrels

Table 2.3 Skeletal muscle masses as a percentage of body mass for the smallest and largest
petrels used in this study.
Muscle Mass

% body mass

Total flight

21.1 - 14.2

Total pectoral

15.3 - 7.7

Forearm

0.83 - 1.91

Supracoracoideus Common Diving Petrel

2.83

Supracoracoideus other petrels

1.27 - 0.23

Leg

5.7 – 14.0

Locomotor

34.5-17.7

Neck

2.0 - 5.5

Fig. 2.4 Scaling functions for (A) locomotor and (B) leg muscle mass in petrels and 16 avian orders
from the Hartman data set.
As there is no significant difference in the exponents (regression line slopes) of these functions, the
difference in the scaling function coefficients (intercepts) indicates any differences in the muscle
mass of the two groups. Differences suggested are zero for leg muscles and ≈25% less locomotor
muscles in petrels

the same exponent (parallel slopes in Fig. 2.4), but the coefficients are significantly
lower for petrels than for other avian orders (263 versus 353, respectively; t=12.4, p <
0.01). This shows that petrels have, on average, 25.5% less locomotor muscle mass than
other avian groups, and that this difference is due mainly to their significantly smaller
flight muscle mass (Fig 2.4b).

2.5 Discussion
Take-off for flying birds is a period of intense activity as it requires body mass
to be accelerated to flying speed within a short time period. This necessitates a sustained
burst of power from the pectoral muscles for the duration of the take-off period.
Pectoral muscles in birds generally scale with a body mass exponent not significantly
different to unity (Greenewalt 1962). By contrast, the pectoral muscle mass of
Procellariiformes, scales with the lower exponent value of 0.91 and for superficial
pectoral muscle mass, the major source of power for flapping flight, the exponent is
0.84 (Table 2.2). These declines in proportionate flight muscle mass correspond with
the increasing dependence on soaring/gliding as body size increases. If petrels have
comparable pectoral muscle power density to birds in other orders, they will have

comparatively less power available for flapping flight.
The very high aspect ratio of petrel wings sets them apart from all other avian orders
(Fig. 2.1). High aspect ratios are a feature of long wings designed for gliding, and these
have the major advantage of reducing vortex generation at wingtips, thus lowering
induced drag and increasing thrust during flapping flight. Combes and Daniel (Combes
and Daniel, 2001) derived thrust and efficiency relationships against the wing variables
of aspect ratio and area distribution. For petrels with their high aspect ratios (Fig. 2.1),
and with over 12% of wing area found in the outer 20% of wing length (H.B.,
unpublished data), petrel wing efficiencies are predicted to be in the range of 80-95%.
During take-off, the advantages of these high wing efficiencies however, are not
realised until forward speed is high enough for the wings to generate useful lift, and this
will occur late in the event. In the early stages of take-off from the water, petrels require
thrust to supplement that from the pectoral muscles, and this is available from leg
muscles.
From observations of many petrel species, I have found that birds at sea all use a
take-off run when there is insufficient air movement to augment lift. This is less than a
metre in the smallest petrels and can be up to several hundred metres in the largest.
Take-off into the wind or down the face of waves can significantly reduce or even
eliminate this run, but for all species the use of legs and feet is a take-off feature. Takeoff runs are necessarily straight and conducted at low level, within 2 m of the sea
surface, thus exploiting ground effect for additional lift (Stinton 1985; Norberg, 1990;
Warham, 1996). In the larger species the feet are used extensively, being thrust
powerfully into the sea surface and creating deep elongated vortices. These vortices
created by webbed feet minimise thrust dispersion, maintain a firm connection between
feet and water (Johanssen and Norberg, 2003), and assist in transferring power
generated by leg muscles into the water.
There is a pronounced inverse relationship between leg and pectoral muscle
masses over the petrel body mass range (Fig. 2.5), revealing the capacity of leg muscles
to compensate for decreasing pectoral muscle power at take-off. Although burrowing is
likely to demand much from petrel leg muscles, it is worth noting that the largest
petrels, albatrosses and giant petrels do not burrow yet have the highest leg muscle body
mass fractions among all petrels.

Table 2.4 Scaling function coefficient (A) and exponent (x) values for flight, leg and total locomotor (Mloco) muscles of the Procellariiformes and 16 other
avian orders.
R2 values are from regression analyses for A and x derivation.
The inequality of the scaling exponents precludes use of coefficients to make inter-order comparisons. Pelecaniformes data were unsuitable for flight and leg muscle scaling.
Total flight muscle
(g)
Order

No. of
Species

Body mass
Coefficient
range (kg)

Leg muscle
(g)

Locomotor muscle
(g)

Exponent

R2

Coefficient

Exponent

R2

Coefficient

Exponent

R2

Procellariiformes

18

0.122-8.687

166±29

0.95±0.02

0.99

106±30

1.16±0.03

0.98

264±74

1.03±0.03

0.97

Cuculiformes

9

0.037-0.151

137±94

0.87±0.12

0.87

277±277

1.28±0.17

0.86

321±126

1.02±0.07

0.99

Pelecaniformes

4

1.202-3.461

266±205

0.90±0.08

0.98

Gruiformes

15

0.047.-1.144

261±137

1.22±0.06

0.96

126±126

0.94±0.10

0.85

372±112

1.09±0.04

0.98

1.44±0.18

0.88

394±49

1.03±0.02

0.99

Strigiformes

9

0.053-0.845

199±52

0.88±0.04

0.98

+251
146 -90

Falconiformes

20

0.105-1813.6

242±81

1.07±0.05

0.96

141±113

1.15±0.10

0.99

372±112

1.09±0.04

0.99

Passeriformes

217

0.006 – 0.285 314±170

1.07±0.02

0.95

150±18

1.18±0.03

0.86

477±14

1.10±0.01

0.99

Charadriiformes

18

0.027-0.852

201±58

0.92±0.05

0.96

46±40

0.94±0.12

0.96

259±86

0.93±0.06

0.97

Coraciiformes

5

0.016-0.327

292±72

1.05±0.05

0.99

43±40

1.11±0.16

0.92

333±121

1.06±0.06

0.96

Piciformes

21

0.0101-0.526

225±40

0.94±0.04

0.97

121±30

1.16±0.04

0.99

348±40

1.00±0.03

0.98

Galliformes

5

0.124-2.068

249±118

0.88±0.06

0.98

151±45

1.06±0.05

0.78

350±159

0.94±0.06

0.94

Galbuliformes

3

0.015-0.096

342±33

1.07±0.02

0.99

54±6

1.07±0.03

0.99

389±32

1.07±0.02

0.99

Anseriformes

4

0.357-2.469

255 -165

0.84±0.15

0.91

79±22

1.35±0.05

0.86

341 -188

0.96±0.12

0.98

Ciconiiformes

3

0.561-2.637

0.98±0.20

0.92

111±98

1.03±0.10

0.99

0.96

21

0.002-0.011

1.15±0.05

0.97

34±6

1.15±0.13

0.80

405 -166
733±56

0.99±0.13

Apodiformes

303 -225
2722±653

1.15±0.05

0.97

Trogoniformes

7

0.052-0.206

853±307

0.98±0.12

0.92

60±30

1.16±0.08

0.97

336±224

0.99±0.11

0.93

Columbiformes

18

0.043-0.416

1545±139

1.06±0.06

0.95

74±37

1.19±0.06

0.88

469±139

1.08±0.05

0.96

+456
+934

+422
+579

Table 2.5. Comparison of petrel muscle scaling functions with those of 16 orders from the
Hartman data set.
The exponents for total locomotor and leg muscles are equal, therefore the scaling
coefficients can be used to compare muscle masses. The coefficients here suggest that leg muscle
sizes of both groups are equivalent, but the locomotor muscle mass of petrels is ~25% less that for
other avians.

Pectoral

Petrel scaling
function
102M 0.91

Avian scaling
function
149M 0.99

Total locomotor

264M 1.03

353M 1.03

Leg muscles

106M 1.16

112M 1.16

Muscle mass

The substitution of leg muscle for some pectoral muscle flight function during
take off is a useful strategy for reducing energy requirements as it decreases both
transport and overall operating costs by lowering body mass and the maintenance
metabolism associated with flight musculature, respectively (Piersma et al., 1994;
Chappell et al., 1999; McNab and Ellis, 2006). Importantly, this evolutionary option is
likely to be restricted to marine birds as the nature of airflow in the marine environment
gives access to energy not available in terrestrial habitats.
Another consequence of having high aspect ratio wings is that birds can use
wing lift to aid in the upstroke. This can be achieved using inherent wing lift, simply by
maintaining a steady trajectory with the body during flight, and having a wing beat
period compatible with the rate at which the wing is lifted. The high wing aspect ratios
of petrels would permit wing upstroke to be implemented in this way with little
assistance from the supracoracoideus muscle. This has allowed the relative reduction of
this muscle among the larger petrels in contrast to those orders recognised as strong
flapping fliers which have large flight muscles, including large supracoracoideus
muscles to power the wing upstroke (Fig. 2.3). Strong flapping flight is also used by the
Common Diving Petrel (Pelecanoides urinatrix) for underwater swimming. As a
consequence, their wings are morphologically distinct from those of all other petrels
(Warham, 1996) and their significantly larger supracoracoideus (Table 2.3, p < 0.001 )
reflects the greater force needed to lift a wing in an aquatic environment.
A feature of the larger petrel species, albatrosses (Diomedea and Thalassarche),
giant petrels (Macronectes Spp.) and some shearwaters (Puffinis Spp.), is the
combination of very high wing loading (exceeding 80Nm-2) and high aspect ratio

(greater than 11.0). As petrel body mass increases, there is a marked divergence in the
scaling of wing loading and mass-specific pectoral muscle mass (Fig. 2.5). The flightlimiting effect of these opposing relationships becomes apparent in the larger petrel
species. I have observed that when heavily laden (after a large meal), when replacing
primary flight feathers (particularly outer primary, numbers 8-10), or in calm
conditions, these birds usually disgorge their stomach contents before making a long
take-off run close to the sea surface, apparently using ground effect to reduce take-off
effort. Where a combination of the above factors exists, flight is often not achieved, and
these birds must then await sufficient wind or wave assistance for a successful take-off.
I have encountered a number of Diomedea albatrosses temporarily disabled to the extent
that they have been unable to achieve flight in wind speeds of <20 km h-1 (H.B., pers.
obs.).

Fig. 2.5 With increasing body mass power available for flight decreases coincidentally with
higher wing loading. Shown here is the marked divergence in scaling of wing loading and mass
specific pectoral muscle mass in Procellariiformes. The superposition of the leg and pectoral
muscle scaling functions shows the transfer of locomotor muscle mass between these groups
as body mass changes. Wing loading data from Warham (1977)
The distinct appearance of the deep pectoral muscles and their proportionately
greater size in larger petrels is intriguing. Kuroda (1961) identified the deep pectoral
muscle as a tonic muscle, used to support the wing during gliding/soaring flight. Rosser
and George (1986b) found that the deep pectoral of the Turkey Vulture (Cathartes
aura), a soaring species, consisted entirely of slow twitch muscle with moderate

oxidative capacity, while the superficial pectoral was almost entirely intermediate fast
twitch fast oxidative glycolytic (FOG) fibres. The colour difference noted between these
muscles in the petrels has also been described in the Turkey Vulture. Slow twitch
muscles of the type found in Turkey Vulture are typically found in ratites, and are
extremely rare in non soaring flying birds, while the intermediate FOG are characteristic
of soaring/gliding species (George and Berger, 1966, Rosser and George 1986a). The
muscle tissue of my specimens was unsuitable for further histological examination, but
the similarity in appearance and structure suggests that fibre types of petrel pectoral
muscles are highly likely to be comparable to those of Turkey Vulture. Stresemann
(1934) identified a wing lock in the larger petrels that engages when the wings are
moved into their fully forward position. Pennycuick (1983) suggested that the wing lock
replaced the tonic muscle function of the deep pectoral muscle in these birds, which was
used instead as a sprint muscle, thus accounting for its relatively greater mass in the
larger species. While the function of the deep pectoral muscle may well be body mass
dependent, the linear nature of the scaling function of this muscle over the range of
petrel body masses studied does not support an argument for a size-affected change in
this muscle’s function in petrels (Fig. 2.2).
It is challenging to contemplate why the deep pectoral muscle scales with an
exponent of 1.16. The increased wing loading of petrels with body size (Fig. 2.5)
implies that flight speed must increase with body size to offset the associated increase in
induced drag.
Glide speed (vg) for a bird in steady level gliding flight is predicted from
vg  [ 2 M bg /  SC L ]

0.5

(3)

where g is acceleration due to gravity, ρ is air density, S is wing surface area and
CL is wing lift coefficient (Pennycuick, 1987; Norberg, 1990).
Pennycuick (1987) has estimated from empirical data acquired from
observations of birds in flight that CL for petrels scales with an exponent of 0.24, and
wing surface area scales with an exponent of 0.61 (derived from data of Warham 1977).
Substituting these values in equation (3) above gives
vg  M

0.08

As pressure on a surface is directly proportional to vg2 then pressure on a
constant sized area of a wing could be expected to scale as M 0.16. Thus the vertical
component of the force exerted by this pressure will increase deep pectoral loading
proportionately more in larger than in smaller petrels. Other size-related factors that will
directly affect loads on deep pectoral muscle in a size-related manner include wing
loading, scaling as M 0.39, and wing first moment, which increases with wing length,
scaling as M 0.35 (Warham, 1977).
Similar to the deep pectoral muscle, the scaling exponents for the forearm and
inboard proximal flight muscles will be an aggregate of those of the individual muscles
in each group, which can all be expected to scale under the influence of multiple loading
factors. Forearm muscles support and manipulate the wing and control surfaces and
scale as M 1.31 (Fig. 2.2), while the functions of the inboard proximal wing muscles,
which scale as M 1.014 (Fig. 2.2), include gross wing and component manipulation, wing
position fixing, and control of the attitude of the primary flight feathers that deliver
forward thrust during flapping flight and braking while landing. Factors influencing the
scaling of these muscle groups are expected to include vg2, S, wing length, WL and wing
mass. Other contributing factors may be the practical need to maintain an acceptable
level of manoeuvrability as wing length increases over the petrel body mass range, and
to retain acceptable levels of wing control when flight feather moult degrades wing
performance.
All petrels are carnivorous, and probably all species scavenge carrion and take
live prey opportunistically. Forage/prey that cannot be swallowed whole is torn into
pieces, and this poses a difficult task for a bird floating free in water. This is particularly
so where forage/prey are cephalopods which have tissue of high collagen content, and
high tensile strength (Jackson, 1986). One method adopted by petrels is to hook their
bill into the flesh of their prey, and while using their feet as sea anchors to thrust their
whole body weight backwards. This is a rapid movement driven by the wings. The
inertia of the prey provides the opposing force, and the process is very effective. I have
observed petrels, ranging in size from prions (M 100 g) to large albatrosses, feeding
this way.
Throughout this process the neck provides the connection between prey and
predator, and the instantaneous muscle loading can be expected to be high, mandating a
substantial muscle mass. In petrels the neck muscle mass ranges from 7.5 to 14.0% of

total skeletal muscle mass, and scales as M 1.16. Larger birds tear off larger pieces of
prey, requiring increasingly more force, but this process, involving a complexity of the
properties of environment, prey and predator, is not easily understood. Prey size, prey
tissue strength, the need to gorge feed, and the force delivered from the array of muscles
used (beyond the lower extreme of the neck) are likely to be dominant factors.
The significantly lower skeletal muscle mass presumably is an adaptation that
keeps existence energy demands within reasonable bounds, yet accommodates a
relatively large neck muscle mass that is essential for feeding in an environment where
free floating forage/prey must be mechanically processed. It can be argued that these
features flow on from the adaptations to flight and foraging in an open marine
environment as described above.

2.6 Conclusions
Anatomical studies by Warham (1977) suggest that petrels have homogeneity of
form and my derivation of petrel muscle scaling functions supports this interpretation.
The inverse scaling relationships between the superficial and deep pectoral muscles in
petrels combined with a pectoral muscle scaling exponent of 0.91, significantly less
than unity, predict an increase in dependence on gliding and soaring flight modes with
increasing body mass. Take-off particularly in the larger petrel species requires
significant power contribution from leg muscles, whose mass scales with an exponent of
1.16, thus compensating for the decrease in pectoral muscle power with increasing body
mass.
Because of substantial reductions in flight muscle mass, petrels as a group have
significantly less locomotor muscle mass than all other avian orders investigated. This is
mainly due to their ability to supplement muscle-driven aerodynamic lift by extracting
energy from oceanic air currents. By having less locomotor muscle mass and its
associated metabolising tissues, petrels are predicted to have reduced transport and
existence energy costs.

Chapter 3
Intergeneric differences in albatross basal metabolic rate are
related to kidney mass variation
3.1 Abstract
I measured basal metabolic rate (BMR) in wandering Diomedea exulans, Gibson’s D.
gibsoni, white-capped Thalassarche steadi and Campbell T. impavida albatrosses. My
results corroborated previous studies showing that the basal metabolic rate (BMR) of
Diomedea albatrosses exceeded that of the Thalassarche genera by approximately 25%.
Such elevations may reflect the need for Diomedea to increase metabolism rapidly to
counter the thermal impact of their regular ingestion of large cold meals. By contrast,
the body mass and BMR of juvenile (first year) D. gibsoni were significantly less than
those of adults; with mass-corrected BMR being similar to values observed in the
Thalassarche group. Allometric examination of organ size among 18 procellariiform
species revealed that Diomedea antipodensis have a 12.5% proportionately greater
kidney mass than Thalassarche steadi, which if consistent throughout the genera, may
in part underlie the differences in BMR.

3.2 Introduction
The energetics of albatrosses and other petrels (Procellariiformes) have been
largely restricted to studies of breeding birds at remote locations. Achieving the
experimental conditions necessary for measuring basal metabolic rate (BMR) at these
sites is difficult and raises doubt about some BMR values reported for this group
(McKechnie and Wolf 2004). Despite this uncertainty, BMR reported for albatrosses
reveal consistently higher values among Diomedea spp. compared to species from other
albatross genera (Grant and Whittow, 1983; Adams and Brown, 1984; Brown and
Adams, 1984; Pettit et al., 1988; Bevan et al. 1994; Weimerskirch et al. 2002).
Questions remain about the generality of these findings and whether they extend outside
the breeding period. I was fortunate to have access to several species of non-breeding
albatrosses that permitted me to address these issues.
In winter, in coastal waters off Wollongong, New South Wales, Australia
(34o29’ S, 150o50’ E), adults of the semelparous cuttlefish Sepia apama undergo
population-wide post-breeding mortality. Consequently, many dead cuttlefish float to
the sea surface and provide an abundant resource that attracts several albatross species

into the region. Over the years 1998-2003, sufficient numbers of albatross were
available to permit characterisation of the non-breeding BMR of two Diomedea spp.
(wandering and Gibson’s albatrosses; Diomedea exulans Linnaeus and D. gibsoni
Robertson and Warham, respectively) and two Thalassarche spp. (white-capped and
Campbell albatrosses; Thalassarche steadi Falla and T. impavida Mathews,
respectively). This provided the opportunity to extend the existing BMR data for
albatrosses and to confirm the generic differences found in other studies. Albatrosses
take 7-11 years (mean values) to attain breeding age (Croxall et al., 1990; Weimerskirch
et al., 1987), and there are possibly other physiological changes that occur over this
extended period of maturation. Capture of juveniles (first year birds) and breeding-age
adults of two of these species gave me the opportunity to examine possible ontogenetic
variation in BMR.
Interspecific variation in BMR of endotherms has been attributed to underlying
differences in relative size and metabolic intensities of particular central organs and
muscles in some bird species. As organ and muscle mass are allometrically related to
body mass, an examination of organ and muscle scaling within the Procellariiformes,
together with departures from this scaling among particular species, may help explain
inter-specific BMR differences in albatrosses this group.
I was fortunate to have access to fresh carcasses from 18 species of petrels and
albatrosses that were recovered from commercial fishing operations in New Zealand by
the New Zealand Department of Conservation (NZDOC). These frozen bodies had over
a two-decade body mass range and provided organs and muscle tissues that were
suitable for derivation of allometric relations for masses of pertinent organs.
My objectives were to: (i) measure metabolic rates in four albatross species of
two genera; (ii) test the validity of the generic differences in albatross BMR reported in
prior studies (iii) examine the BMR of adults and first-year juveniles; (iv) see if
morphological variation in particular organs accounted for differences in BMR.

3.3 Material and Methods
3.3.1 Experimental Animals
I captured free-living Gibson’s, wandering, Campbell and white-capped albatrosses at
sea off Wollongong, New South Wales, Australia (32º 29’ S, 151º 50’ E) over the
winter period, using hand-cast nets as described by Gibson (Gibson, 1967). After
capture birds were transferred to the University of Wollongong and held in an air-

conditioned facility. Birds were held for up to two days and following measurement of
BMR, were fed a meal of chopped cuttlefish before being returned to sea. Albatross
nomenclature used here conforms to the taxonomy proposed by Nunn and Robertson
(Nunn and Robertson, 1998).
All aspects of care and handling of birds conformed to the Australian code of practice
for the care and use of animals for scientific purposes (Australian National Health and
Medical Research Foundation 1999-2004) and had gained approval from the University
of Wollongong Animal Ethics Committee (Permit No. AE04/11)
3.3.2 Metabolic Rate Measurements
For endotherms, BMR is the rate of energy expenditure in post-absorptive, quiescent
organisms at thermoneutral temperatures within the resting phase of their daily cycle
(McNab 1997). As albatrosses take 10-12 hours to fully digest S. apama (Battam et al.
2008), I commenced BMR measurements on the day after capture, so that all birds had
pre-fasted 24-30 h. Birds were placed in chambers between 1830 and 1900 and
measurement sessions were completed between 0530 and 0600 the following day. I had
previously ascertained that Diomedea albatrosses were thermoneutral over the
temperature range 7-18°C (Battam et al. 2008) and accordingly measured BMR of all
species at 14±1.0°C.
I used two positive pressure open-system respirometers to determine rates of oxygen
consumption. The respirometer chambers were fitted with water jackets and cooled with
a polyethylene glycol-water mixture pumped from a reservoir that was temperature
regulated to hold chamber temperatures at 14 ± 1ºC. Interiors were dark and walls were
painted matt black to prevent reflection of radiated heat. Internal temperatures were
monitored using copper-constantan thermocouples. Chamber air-flow rates were held at
20-30 standard litres per minute (slpm), and monitored by either a Hastings HFM201
mass flow meter or a Singer DTM115 slide valve flow meter modified to give a flowrelated pulsed voltage output. Chamber air was constantly mixed by low power, silent
internal fans. Excurrent air samples, scrubbed of moisture and CO2 using Drierite and
soda lime, respectively, were drawn through either an Applied Electrochemistry S3A
(Pittsburgh, PA, USA) or a Sable Systems FC1 oxygen analyser (Las Vegas, NV, USA)
at a rate of ca. 200 ml min-1. Oxygen analysers were referenced to ambient air for 4 min
in each 30-min period, using a Sable Systems Mutliplexer V2.0, to account for baseline
drift. Chamber temperatures and oxygen readings were sampled at 2-sec intervals using
a DataTaker DT500 data logger (Melbourne, Victoria, Australia). Warthog LabHelper
software (www.warthog.ucr.edu) on a Macintosh computer acquired data and controlled
gas-sample switching.
Prior to metabolic measurements, the body weights of the fasted individuals were
measured with a Pesola spring balance (Baar, Switzerland) to the nearest 50 g. Body
mass values for the species measured are listed in Table 3.1.
Table 3.1 Mass-specific BMR of species measured

White capped albatross

*Body
mass (kg)
3.32±0.13

*BMR
(kJkg-1d-1)
212±12

White capped albatross juv

3.34±0.09

201±21

3

Gibson’s albatross

6.02±0.10

251±10

15

Gibson’s albatross juv

4.96±0.13

181±8

6

Wandering albatross

7.48±0.24

209±12

7

Campbell albatross

2.62±0.19

220±14

8

Species

N
4

*Values are mean ± s.e.m.

While most birds remained quiescent in chambers, some (~20%) were overly active.
These were removed from the chambers and their data were excluded from analysis.
Most birds displayed some brief periods of activity during posture adjustment, which
appeared as a short burst of elevated metabolic rate (MR). These were excluded from
analysis by substituting interpolated values based on average MR values measured
immediately before and after the periods of activity. Minimum metabolic rates
consistently occurred between 0200 and 0430 hours and the 20-min period with the
.
lowest average VO2 during this period was selected to represent BMR.
Details of the species and age categories for which BMR measurements were made
are given in Table 3.1.
3.3.3 Allometry
Scaling, using relationships of the form
Y = AM x

(1)

describes how the size of a specific characteristic (Y) of a group of organisms is related
to their body mass (M). The other terms, A and x, are termed the scaling coefficient and
scaling exponent, respectively (Peters, 1983). To investigate scaling, data spanning a
wide range of body masses are essential and this was obtained from petrel specimens
recovered from fishing industry by-kill. I acquired 125 specimens of 18 species of
Procellariiformes with a body mass range of 122 – 8687 g (Table 2.1), from the New
Zealand Department of Conservation, spanning almost two orders of magnitude and
representing individuals from the major families of Procellariiformes. All birds had
been kept frozen from the time they were removed from fishing equipment until being
thawed for dissection.
As most of the specimens had been immersed in seawater before collection, their
plumage was saturated with salt water and body weight could not be obtained directly

before being frozen. I therefore thawed and skinned the birds, rinsed the skins in fresh
water, and dried the plumage in a forced draught. I took separate weights of the skins
and carcasses to the nearest 0.1 g with an Ohaus Model E1F110 balance (Nankinon,
Switzerland) and summed these to obtain body weights.
I carefully dissected one set of pectoral muscles, liver, heart, kidneys, lungs and
brain from each specimen. After storage fat was trimmed and: blood expressed from
heart chambers and organ blood vessels, these tissues were patted dry and weighed to
the nearest 0.01 g with a Mettler PM400 (Toledo, OH, USA). I used average organ and
body masses for species having more than one representative.
I used the log transform of equation (1) to determine the scaling parameters A
and x. For comparison of heart and pectoral muscle masses of the Procellariiformes
with other avian orders, I used data from Hartmann (Hartmann, 1961). For similar
comparison of liver, lungs, kidneys and brain, scaling functions were extracted from the
literature.
3.3.4 Data analysis
3.3.4.1 BMR measurement
I used Warthog Lab Analyst software (www.warthog.ucr.edu) to calculate and
.
evaluate oxygen consumption (VO2) and used
.
VO2 (ml/min) = F.(FiO2 - FeO2)/(1 - FeO2)

(7)

Where F is flow rate (ml min-1 at STP) and FiO2 and FeO2 are the fractional incurrent
and excurrent O2 concentrations, respectively (FiO2 was 0.2095 and FeO2 was always >
0.204) (Hill, 1972).
I assumed an RQ of 0.7, corresponding to a lipid metabolic substrate, and used a
thermal equivalent of 19.79 J ml-1 O2.
3.3.4.2 Inter-specific and age group BMR comparisons
As BMR is allometrically related to body mass, I used body mass corrected BMR
values for comparison between birds of different body mass. For group comparisons I
used the body mass normalised ratio of measured BMR:predicted BMR, with predicted
BMR values from the allometric relationship of Ellis (1984). I used corrected massspecific BMR values to compare juveniles with adults of D. gibsoni and T. steadi, and
of adult D. gibsoni and D. exulans.
3.3.4.3 Statistical analyses
Microsoft (MS) Excel and WinSTAT were used for data analysis, descriptive
statistics, and ANOVA. All percentage data were arcsine square root transformed to

satisfy the requirements of parametric analyses (Zar, 1998). Unless stated otherwise, all
values are presented as means ± one standard error (s.e.m.).
Body mass values are given in kg, which means that organ mass values (g) for a
1 kg bird will then be the A value in scaling functions.

3.4. Results
3.4.1 Basal metabolic rates of albatrosses
Mass-specific BMR values (BMRm) found for the four species measured are
listed in Table 3.1. After correcting for differences in body mass (see Methods section),
juvenile D.gibsoni had a lower than expected BMR, significantly different to adults at p
<0.001. No difference was apparent between the T.steadi adults and juveniles (p >0.5),
and mass corrected BMR values for adult D. exulans and D. gibsoni were statistically
insignificant (p >0.07). In contrast the mass corrected BMRm differed significantly
between adult Diomedea spp. and Thalassarche spp. (p<0.01).
3.4.2 Allometry of pectoral muscles and central organs of the petrels
(Procellariiformes)
Scaling functions for the pectoral muscle and central organ masses of petrels are
given in Table 3.2 and Fig. 3.1. These all scale allometrically, are highly correlated with
body mass (0.96 >R2> 0.99) and all exponents are significantly less than unity (p
<<0.001). Furthermore, with the exception of brain mass, these are significantly greater
than the BMR scaling exponent (0.723 used here) (p<0.001).
Table 3.2 Allometric relations for petrel organ masses (g). Body mass (M) in kg.
Allometric relationships
Organ mass

Petrels*

All birds
155 M 0.96

Pectoral muscle

101.7±24.5 M 0.91±0.03

1

Liver

21.7±8.2 M 0.86±0.04

2

19.6M 0.91

Heart

8.51±1.9 M 0.83±0.03

3

9.3M 0.93

Kidneys

10.6±2.3 M 0.82±0.03

‡11.70±0.55 M 0.88±0.03

Lungs

9.0±1.7 M 0.89±0.02

4

12.6M 0.95

Brain
All central
organs

6.6±1.0 M 0.74±0.02

5

12.9M0.58

56.4±8.7 M 0.84±0.02

*Values are mean ± s.e.m. ‡Birds with salt glands (Hughes 1970)

1

Data from Hartmann (1961) 2Else et al. (2004) 3Bishop (1997) 4Hinds, Calder (1971) 5Martin

(1981)

3.5 Discussion
With the exception of juveniles, all individuals used in this study were
undergoing body moult. Body moult in albatrosses is a protracted process, which is
arrested during periods of reproduction. In the biennially breeding Diomedea, a full
body moult takes three years to complete within a six year period (Prince et al. 1977).
The allometric relationship of Turček (1966) predicts the plumage mass of a 6kg
D.gibsoni to be 360 g. The daily replacement mass of this averaged over 3 years is just
0.32 g. Using a whole body protein synthesis cost of 5.4 kJg-1, as reported in chicks by
Aoyagi et al. (1988), daily feather replacement cost would be 1.8 kJ. Other

Fig. 3.1 Allometric relationships for pectoral muscle, central organs of petrels. D. gibsoni points are in the upper right of the boxes, with Thalassarche species
clustered in the lower left.

physiological changes, concurrent with moult may elevate MR in some species
(Murphy and Taruscio 1995; Buttemer et al 2003), but these are proportional to massspecific BMR (Lindstrom et al. 1993). If these do occur in albatrosses, then their massspecific daily cost would be very low, well within the error limits of BMR
measurement.
Because individuals at breeding colonies can be found in a variety of
physiological states and BMR can decrease significantly during the extended periods of
fasting associated with incubation (Smith and Riddle, 1944; Ketterson and King, 1977;
Shapiro and Weathers, 1981; Rea and Costa, 1992, Ellis and Gabrielsen 2002), BMR
values for breeding Procellariiformes might be expected to differ from values obtained
from non-breeding birds that are free from any association with a breeding colony.
Table 3.3 lists the BMR values determined from this study and from various studies
undertaken at breeding colonies.
Thermoneutral conditions could not be guaranteed for some studies listed in
Table 3.3, and for others the breeding status was not reported. Three studies, Grant &
Whittow (1983); Pettit et al. (1988) and Shaffer et al. (2001), were reported from
incubating birds. Grant and Whittow (1983), measured metabolic rate (MR) of resting
and incubating Laysan albatrosses (two studies) over an 8-hour period in daylight hours,
at ambient temperatures of up to 23.7°C; the results for these could have been
influenced by warm temperatures, and MR elevated due to daylight conditions and by
handling (Weimerskirch et al.,2002). In contrast the MR of incubating Laysan
albatrosses measured over 3 days by Pettit et al. (Pettit et al., 1988), was significantly
lower. The BMR of wandering albatrosses during incubation Shaffer et al. (Shaffer et
al. 2001), was not significantly different to the value reported for non-breeding birds by
Weimerskirch et al. (Weimerskirch et al., 2002) The two methods used by Shaffer gave
inconsistent results; a low value from DLW (consistent with incubating birds), a higher
value from weight loss, consistent with active birds. Despite these factors there is
consistency in the results reported for the various studies.
In Table 3.3, for comparisons, where BMR values were separately reported for
sexes, I have listed pooled values. For comparing the results of the different studies I
have used the ratio of BMRm/BMRe, where BMRe is the mass specific BMR value
predicted by the allometric relationship of Ellis (Ellis, 1984), BMRe = 383.8M-0.279.
This gives a common reference for the comparisons, and for each of the studies the

proportionate deviations of BMRm from the Ellis predicted values are indicated by the
values in the BMRm/BMRe column of Table 3.3. These value show that the BMR of
Diomedea albatrosses is consistently greater than that of the smaller Thalassarche and
Phoebastria albatrosses (p >0.01), and that there is a significant difference between the
BMR of adult and juvenile D. gibsoni. The body mass corrected values for juvenile D.
gibsoni and the Thalassarche species are statistically insignificant at p > 0.1.
Diomedea albatrosses have an average body mass that is more than double that
of the smaller species (Thalassarche and Phoebastria). A high proportion of the
Diomedea diet is cephalopods, which have a low energy density (Cooper et al., 1992;
Cherel and Klages, 1998; Xavier et al., 2003; Battam et al., 2010). To acquire sufficient
energy from this diet requires a larger throughput than diets having a greater energy
density, and this dictates frequent ingestion of large cold meals. In a previous study
(Battam et al., 2008), I measured postprandial metabolism (PPMR) in Diomedea and
Thalassarche albatrosses fed meals at body temperature (~40°C) and cold meals at
20°C and 40°C. After a cold meal, the rise in MR is rapid and consistent. It rises to a
peak, and considering the large mass of food holding core temperature down, it is
highly probable that this peak value (MRpeak) is the maximum metabolic rate attainable
by an individual. The rise time of MR, measured between the 10% and 90% values of
MRpeak, gives an indication of the rapidity of response to a lowering of core
temperature. Using a body mass correction of MR rise time based on an exponent of
0.723 (as for BMR), I found no generic difference in MR rise time after meals at body
temperature. This was not the case for cold meals, where the body mass corrected MR
rise time was up to 24% greater in the Diomedea. Thus Diomedea albatrosses have a
significantly higher capability than the Thalassarche albatrosses to address the thermal
impact of a cold meal. Throughout this study, I fed birds a meal mass that was ~20% of
body mass. Before returning the birds to sea I fed the Diomedea meals >30% (>2kg) of
body mass, which they accepted without any sign of discomfort or attempt at
regurgitation, demonstrating a substantial stomach capacity. I would therefore consider
that the ingestion of a relatively large cold meal is not an unusual event for an albatross.
The albatross proventriculus is the initial repository for the cold meals and lies
in close proximity to the liver, heart and lungs. Because I found the specific heat (SH)
of cuttlefish to be 3.6 J g-1 °C-1,(86% SH of water), and therefore of large heat capacity,
a meal mass of 2kg is ~6x the total mass of Diomedea liver heart and lungs, and is

expected to substantially cool these organs. The impact on core temperature is well
demonstrated in postprandial stomach temperature excursions reported for Diomedea
albatrosses foraging in cold water by Weimerskirch and Wilson (Weimerskirch and
Wilson, 1992). Stomach temperature recorders fitted to these birds reported several
occasions where temperature excursions exceeded 15°C and were followed by 2h.
recovery times. Most chemical reaction rates in endotherms have a Q10 value of ~2.0
(Withers, 1992), thus the ingestion of a large cold meal has the potential to compromise
the function of those organs within the proximity of the proventriculus. In calm sea
conditions Diomedea albatrosses with large meal loads have difficulty attaining flight,
and this is usually attributed to their flight performance being attuned to an enhanced
gliding (rather than powered flight) ability. The added thermal challenge imposed by
cold meals may exacerbate the adverse effects that gorge feeding imposes on flight in
these birds. Assuming that most albatrosses take meals in proportion to their body mass,
then the mass of Thalassarche meals will be 0.33-0.5 the mass of Diomedea meals.
Thus Diomedea are confronted with a relatively greater thermal challenge when
foraging on cold food (Battam et al., 2008).This may account for their superior PPMR
rise time compared to Thalassarche spp., which is a likely consequence of their higher
BMR. This will reduce their meal warming time and promote more rapid processing of
cold meals.
This interpretation gains support from a recent study of two strains of mice
Książek et al., 2009). These strains had similar body mass, but one strain had a 26%
greater BMR (explained by a similar difference in central organ mass). When exposed
to a -18°C step change in ambient temperature, both strains showed similar
proportionate changes in organ mass, organ tissue metabolic activity, food intake and
energy assimilation rate. The strain with the higher BMR strain however, was able to
consume and assimilate a significantly larger food mass; an advantage attributed to the
higher processing capability conferred by their higher BMR. In a similar manner the
rise in PPMR of Diomedea and Thalassarche albatrosses is no different for meals at
body temperature, but when challenged by cold meals, the Diomedea with their higher
BMR, demonstrated a significantly greater capability to respond to the impact of a cold
meal. Because most physiological functions are highly thermolabile in endotherms, this

Table 3.3 Comparison of mass specific BMR (BMRm) values determined for petrels, using the allometric relationship of Ellis (1984) BMRe = 384Mb-0.28.
Body
Species
mass
kg
Thalassarche steadi adult
3.3
juvenile 3.3
2.6
T. impavida
3.6
T. melanophris
3.8
T. chrysostoma
2.5
Phoebastria immutabilis
3.1
3.1
Diomedea gibsoni adult
6.0
juvenile
5.0
7.5
D. exulans
8.1
D. exulans
10.0
D.exulans

Measured
BMRm
kJkg-1d-1
212
201
220
*192
*196
*256
†*199
†*178
251
181
209
*216
†169

Estimated
BMRe
kJkg-1d-1
273
273
294
267
264
297
280
280
234
245
218
213
203

BMRm / BMRe

N

0.77
0.74
0.75
0.72
0.74
0.86
0.71
0.64
1.08
0.74
0.96
0.99
0.83

4
3
8
9
3
4
5
10
16
6
6
4
10

D. exulans

9.1

180

207

0.86

6

Phoebetria fusca

2.9

*249

284

0.88

4

*Thermal neutrality not confirmed. †Incubating birds

Study
This study
This study
This study
Bevan et al. (1994)
Adams & Brown (1984)
Grant & Whittow (1983)
Grant & Whittow (1983)
Pettit et al. (1988)
This study
This study
This study
Brown & Adams (1984)
Shaffer et al. (2001)
Weimerskirch et al.(
2002)
Adams & Brown (1984)

ability will confer a more rapid restoration of system-wide homeostasis and
functionality following gorge feeding on cold prey in Diomedea spp.
The relatively low BMR of the juvenile D. gibsoni, comparable to the values
determined for the smaller albatross species, appears to be in contradiction to this
argument. The six birds measured were all in complete juvenile plumage and in their
first year at sea. These birds were measured in two independently metered respirometer
chambers, and concurrently with adults, so I am confident that the low BMR of
juveniles is not a measurement artefact. I did not measure PPMR in juveniles, thus meal
thermodynamics are unknown and I do not have organ or muscle mass data for this age
class. Their body mass is ~20% less than that of adults, and because they have
indistinguishable external dimensions (Battam et al. unpubl. data), this difference
represents non-skeletal components. Observations by Jouventin et al. (1982), in the
southern Indian Ocean found that the majority of immature D. exulans sighted were
north of 40°S, well above the sub tropical front where there is a sharp 4-6°C sea surface
temperature gradient. (Smith et al., 2005). For juvenile D. gibsoni, warmer food, a
lower body mass and no reproduction demands, which translate to lower meal size and
throughput, are factors that may reduce the proximate and overall thermal challenge of
cold meals and the need to maintain the BMR level of adults.
The sooty albatross is of similar body mass to species within the other smaller
albatross genera (Table 3.3), but the reported BMR value is significantly higher. In
common with the Diomedea it is a biennial breeder and has a diet in which cephalopods
predominate, suggesting that such factors may influence BMR in albatrosses generally.
The BMRm distribution with body of the Diomedea individuals measured in this
study is displayed is Fig. 3.2a. The BMRm distribution of this same group of birds is
plotted with their Gibson Plumage Index (GPI) scores in Fig 3.2b. For Diomedea
albatrosses GPI scores the ratio of brown to white feathers in four plumage location and
ranges in continuum from 4 (totally brown plumage) to 19 (totally white plumage
except for some primary flight feathers) (Gibson, 1967). Newly fledged birds are brown
and plumage whitens with age over a period of 13 y (Weimerskirch et al., 1989).
Diomedea albatrosses are sexually dimorphic, males whiten more rapidly and achieve
higher GPI scores than females and D. exulans populations are significantly whiter than
D. gibsoni; thus, Fig. 3.2b is influenced by age, gender and species differences. It is

apparent in Fig. 3.2b that there is a gap in the 4-8 GPI range, which indicates that with
the exception of the juveniles (GPI = 4) the sample of Diomedea albatrosses measured
for BMR did not include birds from the 2-10 y age class. This sample is representative
of the Diomedea albatrosses encountered off Wollongong, and if there are transitional
levels in BMRm during maturation, then they would have been unlikely to have
influenced my measurements. The trend line in Fig 3.2b shows an inverse relationship
between BMRm, and GPI, but this is most likely a reflection of the allometric
relationship between BMR and body mass (Fig 3.2a). BMR in long-lived snow petrels
Pagodroma nivea does not decline with age, and this would be the expectation for
albatrosses (Moe et al., 2007).
BMR is a product of metabolism in muscles and central organs and their total
masses. As skeletal muscle is resting during BMR measurement, BMR can be expected
to primarily be a function of the metabolic activity of the central organs (Kersten and
Piersma, 1987, Daan et al. 1990, Burness et al. 1998).
Studies of individual species have identified major contributing organs to be heart and
pectoral muscle in knots (Calidris canutus) (Weber and Piersma, 1996), gut, liver,
kidney and pectoral muscle in house sparrows (Passer domesticus) (Chappell et al.
1999), heart in mammals and birds (Bishop 1999), heart and kidneys in birds (Daan et
al. 1990). I could not kill albatrosses to harvest central organs to assess tissue activity,
but I did have allometric relationships for central organ and pectoral muscle mass. The
fisheries by-kill provided useful samples of Diomedea antipodensis (= D. gibsoni) and
Thalassarche steadi, two of the species used in this study that permitted comparison of
central organ masses. Note ‘s’ deleted here
In comparison to other bird species, petrels have smaller brains and pectoral
muscles, and with the exception of kidneys, other organs are of similar size. The
comparatively lower pectoral muscle mass is a likely result of adaptation to the
soaring/gliding flight modes used by petrels. D. antipodensis and T. steadi, did show a
significant difference in relative kidney mass however, which was 12.2% greater in the

Fig.3.2 Measured specific basal metabolic rate (BMR) of Diomedea albatross as functions of body mass, plumage colour (Gibson plumage index).
The BMR of the brown juvenile D. gibsoni, which are ~20% smaller than adults, is ~19% less than predicted by their body mass. D. gibsoni is smaller (~18%),
darker than D.exulans. Male (M) D. exulans, D. gibsoni are significantly larger (~20%), generally have lighter coloured plumage than females (F). Based on
plumage, body mass in both plots, the general trend within the sample displayed above would be, from left to right, D. gibsoni (F), D. gibsoni (M), D. exulans,
(F), D. exulans (M)
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Diomedea. Kidney mass was identified by Daan et al. (1990) and Chappell et al. (1999)
as a major contributor to avian BMR; this difference therefore may partly explain the
intergeneric BMR difference between these two groups.
Organ mass alone, however is not a reliable indicator of the contribution of a
specific organ to BMR. This is evident in studies of metabolic activity in organs using
citrate synthase activity (Emmett and Hochachka, 1981; Hochachka et al., 1988; Vézina
and Williams, 2005). This is not unusual as the metabolic activity of tissue can scale
independently of tissue mass and tissue type (Else et al.; 2004, Hulbert and Else, 2004;
Turner et al., 2005). Thus measurements of kidney metabolic activity are required to
more fully account for the explanation for the higher BMR of Diomedea albatrosses.
To conclude; my BMR measurements of four albatross species have
corroborated the generic difference found in prior BMR studies of albatrosses. While I
have offered a possible reason for the higher BMR of adult Diomedea albatrosses, I
could not identify with any certainty the specific source tissue(s). The low BMR found
in juvenile D.gibsoni, was unexpected but has prompted speculation based on known
lifestyle differences with adults to account for this observation.
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Chapter 4
Chemical composition and tissue energy density of the cuttlefish
(Sepia apama) and its assimilation efficiency by Diomedea
albatrosses
4.1 Abstract
The cuttlefish Sepia apama Gray (Mollusca: Cephalopoda) is a seasonally
abundant food resource exploited annually by moulting albatrosses throughout winter
and early spring in the coastal waters of New South Wales, Australia. To assess its
nutritional value as albatross forage, I analysed S. apama for water, lipid protein and ash
contents, energy density and amino acid composition. Because albatrosses consistently
consume S. apama parts preferentially in the order of head, viscera, mantle, I analysed
these sections separately, but did not identify any nutritional basis for this selective
feeding behaviour. The gross energy value of S. apama bodies was 20.9kJ/g dry mass,
but their high water content (>83% cf <70% for fish) results in a relatively low energy
density of 3.53kJ/g. This may contribute to a need to take large meals, which
subsequently degrade flight performance. Protein content was typically >75% dry mass,
whereas fat content was only about 1%. Albatrosses feed on many species of
cephalopods and teleost fish and I found the amino acid composition of S .apama to be
comparable to a range of species within these taxa. I used S. apama exclusively in
feeding trials to estimate the energy assimilation efficiency for Diomedea albatrosses. I
estimated their nitrogen corrected apparent energy assimilation efficiency for
consuming this prey to be 81.82 ± 0.72% and nitrogen retention as 2.90 ± 0.11g N
kg-1day-1. Although S. apama has a high water content and relatively low energy
density, its protein composition is otherwise comparable to other albatross prey species.
Consequently, the large size and seasonal abundance of this prey should ensure that
albatrosses remain replete and adequately nourished on this forage while undergoing
moult.
Keywords: cephalopods, proximate analysis, albatrosses, assimilation efficiency

4.2 Introduction
The cuttlefish Sepia apama is a large cephalopod that inhabits the coastal waters
of southern Australia. In common with other cephalopods, it is short lived and
semelparous (Guerra 1996; Rodhouse and Nigmatullin 1996). Annually, throughout the
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austral winter and spring, S. apama populations undergo catastrophic post- breeding
mortality and over this period many dead and moribund animals float to the surface.
With a body mass range of 3-15 kg and a maximum mantle length >560 mm (my data,
unpublished), these are a conspicuous and abundant seasonal food resource for marine
carnivores. Off Wollongong, New South Wales (34o29’ S, 150o50’ E), the population
density of S. apama appears to be relatively high, similar to that described for Spencer
Gulf, South Australia (Hall and Hanlon 2002). Cephalopods are a major component of
albatross (Procellariiformes) diets (Croxall and Prince 1996, Cherel and Klages 1998)
and this annual mortality attracts many albatrosses to Australian coastal waters.
Aggregations of adults and juveniles of several species, including those of the genus
Diomedea, congregate to feed on this seasonally abundant resource.
Banding studies have revealed that the majority of Diomedea albatrosses
encountered in the Wollongong region are birds of breeding age and many individuals
have a long history of association with the area. Some are virtually resident while S.
apama is available (Battam and Smith 1994), a behaviour that is consistent with that
observed in Diomedea albatrosses at other locations (Weimerskirch et al. 1994, 1997;
Weimerskirch 1998). Non- breeding Diomedea albatrosses are usually undergoing body
moult and most are replacing primary flight feathers coincident with the S. apama
irruption, thus these birds consume S. apama throughout a critical phase of moult. To
assess the nutritional value of S. apama to Diomedea albatrosses, I determined its
quality as forage and examined how efficiently albatrosses could extract energy from
this food (assimilation efficiency). Apparent energy assimilation efficiency (AE) is
measured as the difference in ingested and excreted energy, which is then expressed as a
fraction of ingested energy. Corrected apparent assimilated energy efficiency (AEn) can
be estimated after adjusting for the nitrogen content of the In this study my objectives
were to: (i) determine water, protein, ash and lipid fractions, energy density (calorific
content), and amino acid composition of S. apama tissue, (ii) estimate the assimilation
efficiency of Diomedea albatrosses fed S. apama, (iii) compare the nutritional value of
the two major components of albatross diet; fish and cephalopods. and (iv) seek to
identify, within the chemical analysis, a nutritional basis for the observed albatross
preferential feeding order of head, viscera and mantle of cuttlefish.
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4.3 Materials and Methods
4.3.1 Sepia apama properties
Over the months June-September of 1999-2002, I collected 10 fresh, intact S.
apama (five of each gender) carcasses from the sea off Wollongong, NSW. Carcasses
are taken by a variety of marine top predators, few are found intact, and limits on search
time dictated sample size. These were weighed to the nearest 0.1g with an Ohaus Model
E1F110 electronic balance before being frozen at -20ºC and stored at the University of
Wollongong for subsequent tissue analyses.
Dead S. apama float mantle up, head down and with the fin just breaking the
surface. I have observed that albatrosses first take the head, followed by the viscera and
finally the mantle. When supply exceeds demand, the mantle may be left intact and
many headless, eviscerated carcasses are then encountered. Food selection has been
linked to its nutritional value for several species (Martin 1985, Thompson et al. 1987;
Murphy and King 1989; Nehls 2001), and while albatrosses may be aware that if the
mantle is taken first, the remainder of the carcass will then detach from the sepions
(cuttlebone) and sink out of reach, I considered the possibility that this preferred feeding
sequence could have a nutritional basis. For analyses I therefore divided carcasses into
head, viscera and mantle sections and I weighed each section to ±0.1 g after removing
beaks and sepions, which are either not eaten or digested. I determined sex from
gonadal examination (Boyle, 1987). Unless otherwise stated, all measurements on tissue
samples were done in triplicate.
4.3.2 Whole body fraction estimates
As S. apama are relatively large animals (3-15kg) it was not practical for me to
process complete carcasses. Where analyses were carried out separately on S. apama
sections, I estimated whole body (πt) values of the various properties for cuttlefish
individuals from
πt =Mhπh + Mvπv + Mmπm

(1).

where Mh, Mv and Mm, represent the mass of the head, viscera and mantle body sections
and πh, πv, πm their fractional component concentrations. Mean mass values for body
sections are given in Table 4.1.
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Table 4.1 Body section mass proportions (%) of S. apama were used in equation 1 of this
study to estimate whole body property values from measured sectional values for S. apama
individuals. Sample mean values are given here to indicate the relative weighting of the
fractions to estimated whole body property values.

Head

Mantle

Viscera

N

42.3±4.4

44.2±2.6

13.5±2.0

5

Female 46.6±1.8

44.2±1.2

9.1±1.0

5

Male

4.3.3 Water and lipid contents
Tissue samples from the three carcass sections of 10 animals, Five males and
five females, were weighed wet and then dried to constant mass in a freeze drier at
-40C. Water content was determined from wet/dry mass differences.
Triplicate dry tissue samples of 4-6 g of each of the three sections of 10 animals were
ground to powder, redried, weighed, then flushed with petroleum ether in Soxhlet reflux
siphons for a predetermined time of four hours. Lipid content was determined from the
difference between pre and post Soxhlet masses. A Mettler PM400 electronic balance
(Mettler, Toledo, Ohio, USA) was used for all mass measurements
4.3.4 Energy density
Triplicate pelleted dry tissue samples of each of the three cuttlefish sections were
weighed to the nearest mg and energy density was then determined with a Gallenkamp
CBA-301 Autobomb bomb calorimeter (Gallenkamp, Loughborough, UK).
4.3.5 Protein content
I used a Leco model FP528 nitrogen/protein determinator (Leco, St. Joseph, Michigan,
USA) (Dumas method), to quantify nitrogen content of triplicated dry tissue samples
from each of the cuttlefish sections (Wiles et al., 1998). Conventional crude protein
content of each section was estimated from 6.25 x nitrogen content (AOAC, 1980).
4.3.6 Ash content
I determined the ash content of S. apama by weighing the residue left in the
calorimeter bomb after each sample burn. Residue was recovered as two components;
that left on the bomb crucible and that filtered and dried from washing the bomb. The
sum of the masses of these components was taken as the sample ash content.
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4.3.7 Amino acid (AA) assay
Thirteen S. apama, seven males and six females were dissected into the sections,
head, mantle and viscera which were freeze dried at -40ºC and subsequently ground to a
fine powder. Amino acid assays were conducted at the Molecular Structure Facility, UC
Davis, using a Hitachi L8000 Amino Acid Analyzer (Hitachi, Tokyo, Japan). Triplicate
assays of five specimens showed < 2% variation in measurements, and single sample
measurements only were used for the remaining eight specimens. Tryptophan and
hydroxyproline require separate assays and values for these were not determined. Whole
body fractions of particular amino acids were estimated using equation (1) above.
4.3.8 Diomedea albatross assimilation efficiency
Over the period July – August 1998, I caught free-living Gibson’s (Diomedea
gibsoni) and wandering albatrosses (D. exulans) at sea off Wollongong using hand-cast
nets as described by Gibson (1967). I subsequently transported seven Gibson’s and four
wandering albatrosses to an air-conditioned holding facility at the University of
Wollongong, which was maintained at albatross thermoneutral temperatures of 12 16ºC (Battam et al., 2008). To determine energy assimilation efficiency, I conducted
feeding trials, which required holding birds in pens for up to seven days. Holding time
was determined by my objective to achieve a period of body mass stability spanning
four consecutive days.
I held birds individually in cylindrical pens of 1 m diameter with 850 mm high
vertical sides covered with shade cloth and having removable wire mesh floors
suspended 100 mm above the laboratory floor. The walls were lined with black low
density polyethylene sheeting and this overlapped a removable cylindrical tray inserted
below the pen floor to capture and hold excreta along with secretions from the
supraorbital glands, which effused for up to two hours following a meal, and feathers
and scales from moulting birds. Soft rubber mesh matting was placed over the wire
floors to prevent abrasion to albatross legs and feet.
For determining AE, I used the total collection method as described by Vohra
(1972). Birds were initially fasted for 24 h then weighed and fed a meal of chopped S.
apama, their local natural food, and this species was used exclusively for meals
throughout the study period. Cuttlefish used were collected from the sea off
Wollongong when available and stored at -20ºC until required. I found that with some
minor adjustments, I could achieve body mass stability over the period of a feeding trial
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using daily meal sizes of 10% of body mass. Body masses of the 11 birds used in the
trials ranged from 5450–9000 g (6750 ± 409 g) and at the end of the trial all birds were
within the range of 0-300 g (2.04 ± 0.67%) above their initial fasted mass. For the
duration of feeding trials, I weighed and fed albatrosses, collected excreta and cleaned
pens twice daily at approx. 0500 and 1700 hours. Birds were force fed by holding beaks
open, extending the flexible gape, covering the glottis with a finger and then dropping
in pieces of cuttlefish, which covered in molluscan slime, slipped readily into the
oesophagus. Feeding required two people and feeding time never exceeded two min. per
individual. Meals were weighed to the nearest 0.1 g with an Ohaus Model E1F110
electronic balance (Ohaus, Nanikon, Switzerland) and birds to the nearest 50 g with a
Pesola spring balance (Pesola, Baar, Switzerland).
Albatrosses were transferred to spare pens for up to 15 min while study pens
were cleaned and excreta collected. I used distilled water to wash excreta from pen
structural components into the collection tray. After collection, excreta were labelled
and stored at -20ºC for later analysis. As all birds used in this study were in active
moult, all moult debris (feathers and scales) were included in and analysed with the
excreta. The inclusion of feathers here, for which moult loss mass may exceed
replacement mass over the short time period of the trials, could mean that my
measurements would slightly underestimate assimilation efficiency and overestimate
nitrogen balance. I estimated that these errors were <1% and accordingly made no
correction.
Cuttlefish sepions (cuttlebones) are not eaten by seabirds and these were not
included in meals. I also removed cuttlefish beaks which are usually ingested by
seabirds, but are indigestible and later regurgitated (Clarke et al., 1981).
At the completion of feeding trials, excreta collected over the period of stable
body mass were oven dried to constant mass at 60ºC and weighed to the nearest 0.01 g.
Energy density of excreta was then measured with a Gallenkamp CBA-301 Autobomb
bomb calorimeter.
I determined AE from
AE% = 100(Mcec - Mfef) / Mcec
where Mc, Mf, ec and ef are cuttlefish meal mass, excreta mass, cuttlefish meal energy
density and excreta energy density, respectively. I used the cuttlefish energy density
value determined in this study, 3.53 kJg-1. Some loss of energy and nitrogen can be
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expected from excreta during the drying process which may result in overestimation of
assimilation efficiency of  1% (Shannon and Brown, 1969). I could also expect a
similar loss in drying the cuttlefish prior to proximate analysis. Because of their very
low magnitude, I have ignored errors from these processes in this study.
I used a correction of 36.23 kJ g-1 of excreted nitrogen to estimate the corrected
energy assimilation efficiency (Vohra, 1972).
Table 4.2 Water, lipid and crude protein and ash fractions of S. apama body sections and
whole body expressed as percentages of body mass. The lower of the two protein and ash
values given is % wet mass, and the other % dry mass (D). N = 10 (five of each gender)

Head

Mantle

Viscera

Whole Body

Male

83.4 ± 0.9

82.4 ± 0.4

84.3 ± 3.7

83.0 ± 0.9

Female

82.7 ± 1.7

83.5 ± 1.7

78.4 ± 2.8

83.2 ± 1.3

Male

1.8 ± 0.4

1.0 ± 0.3

0.8 ± 0.3

1.1 ± 0.3

Female

0.9 ± 0.2

0.6 ± 0.1

1.8 ± 0.5

0.9 ± 0.2

13.0 ± 0.3

13.1 ± 0.0

11.1± 0.5

12.0 ± 0.1

78.3 ± 0.9 D

74.5 ± 0.0 D

70.4 ± 2.3 D

75.1 ± 0.4 D

14.2 ± 0.5

12.7 ± 0.5

14.8 ± 0.1

13.6 ± 0.4

81.8 ± 1.8 D

76.6 ± 2.2 D

68.3 ± 0.1 D

80.9 ± 1.4 D

3.1 ± 0.2

3.2 ± 0.2

2.66 ± 0.11

3.10 ± 0.13

18.76 ± 1.44D

18.27 ± 0.13D

16.74 ± 0.68D

18.30 ± 2.24D

3.09 ± 0.40

2.99 ± 0.39

2.65 ± 0.02

3.00 ± 0.36

17.67 ± 2.33D

18.07 ± 2.34D

15.79 ± 0.11D

17.75 ± 4.8D

Water
Lipid

Crude
Protein

Male

(6.25N)
Female
Ash

Male
Female

4.3.9 Comparison of S. apama, with other cephalopods and fish
To assess the comparative nutritional value of S. apama with other cephalopods
and fish, I compared my results with those reported in the literature. Although I did not
determine the fatty acid composition of S. apama, I have included a short review of
cephalopod and fish fatty acid composition to permit a more complete nutritional
comparison.

45

4.3.10 Statistics
Microsoft Excel and associated Winstat software were used for all statistical
analyses and ANOVA. All values expressed as percentages were transformed using
ArcSine x0.5 (Zar, 1998) before application of statistical functions.
For comparisons of proximate analyses of tissues, as sample sizes for males and
females was five, all t-tests were implemented with df of 8 and alpha = 0.05. I used
Bonferroni-t at p = 0.0167 for contrasts of S. apama body sections.
Table 4.3 Amino acid composition (mean ± se, n= 13) of S. apama sections as % dry mass.
Symbols indicate significant differences (at p=0.0167) in Bonferroni-t contrast results of S.
apama sectional AA fractional means. * head < mantle, † head < viscera, • mantle< viscera, +
viscera > head, ‡ viscera > mantle

Head

Mantle

Viscera

Whole body

Asx

8.08±0.24*

7.26±0.13

6.89±0.15

7.56±0.18

Thr

3.43±0.07

2.95±0.05

3.14±0.09

3.18±0.06

Ser

3.37±0.04

3.02±0.05

2.91±0.06

3.15±0.05

Glx

12.04±0.34

10.67±0.23†

8.70±0.19•

11.01±0.27

Pro

4.11±0.12

4.18±0.36

3.00±0.16•

4.00±0.23

Gly

5.34±0.28

6.04±0.48†

3.56±0.12•

5.43±0.35

Ala

4.28±0.11

3.97±0.05†

3.22±0.07•

4.01±0.08

Cys

1.01±0.06

0.88±0.09+

1.48±0.06‡

1.01±0.08

Val

3.78±0.12

3.20±0.10

3.46±0.07

3.48±0.11

Met

2.33±0.08

2.07±0.06†

1.70±0.05•

2.14±0.07

Ile

3.99±0.15

3.35±0.11

3.69±0.12•

3.66±0.13

Leu

6.37±0.22

5.37±0.19†

5.19±0.13

5.78±0.19

Tyr

3.09±0.06*

2.45±0.09

3.01±0.13•

2.80±0.08

Phe

2.28±0.33

2.43±0.12

2.91±0.11

2.43±0.21

His

2.27±0.12

1.70±0.13

2.13±0.13

2.00±0.13

Lys

5.41±0.19

4.45±0.23

4.67±0.18

4.88±0.21

Arg

6.58±0.25

6.00±0.15†

4.24±0.09•

6.03±0.19

4.4 Results
4.4.1 Sepia apama properties
Values determined for S. apama are summarised in Table 4.2. I found no significant
differences in water content of either body sections (F=1.42, p >0.25), or sexes (F=0.85,
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p >0.4) nor in lipid content of body sections (F=2.16, p >0.1), or sexes (F=0.60, p >0.5).
Protein content was similar in both sexes (F=2.07, P=0.13), but a significant difference
was found between the body sections of both sexes (F>12.0, p <0.0012). The order of
magnitude of protein values, head > mantle > viscera, was consistent between sexes. No
significant differences in energy density values were found between body sections (F =
1.76, P = 0.184) or between sexes (F = 0.82, P = 0.414). After pooling all data, energy
density was then determined as 3.53 ± 0.1 kJg-1. Whole body crude protein and amino
acid composition did not differ significantly between body sections, having p > 0.32 for
all comparisons (Tables 4.2 and 4.3).
Amino acid assay results and Bonferroni-t (P = 0.0167) contrasts of S. apama
sectional mean values are given in Table 4.3.
4.4.2 Diomedea albatross assimilation efficiency
The nitrogen content of dry cuttlefish tissue was 12.3 ± 2.7% (n = 10) and that
of dry excreta was 20.3 ± 0.8% (n = 20). Throughout the feeding trials all birds were in
a state of positive nitrogen balance with a mass-specific average of 2.9 ± 0.1 g N kg1

day-1.I determined the AE of Diomedea albatrosses to be 83.4 ± 1.8% (n=11) and after

correction for nitrogen retention, AEn was estimated at 81.8 ± 0.7%. Table 4.4
summarises the energy content of cuttlefish and excreta and these results.
Table 4.4 Values determined for AEAE of Diomedea albatrosses and the nitrogen retention
value used for AE correction. Mean energy values for S. apama, daily meals and excreta are
included to indicate the order of values used for AE determination.
Dry S. apama
gross energy
kJg-1
20.9±0.6
AE
%
83.4±1.8

Daily meal gross
energy
kJ
2835±38

Dry excreta
gross energy
kJg-1
11.2±0.2

Daily mass-specific
Nitrogen retention
g N kg-1
2.90±0.11

Nitrogen
corrected AE
%
81.82±0.72

Daily excreta
gross energy
kJ
638±104

4.5 Discussion
4.5.1 Sepia apama composition
The low lipid content of S. apama (Table 4.2) is a feature of cephalopods,
reported as <2% in several studies including Saavedra (1949), Pandit and Magar (1972),
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Cooper (1979), Coppini (1972), Sidwell and Ambrose (1975), Croxall and Prince (1982,
1996), Cherel and Klages (1998), Goodman-Lowe et al. (1999), Moltschaniwskuj and
Semmens (2000), Lozano et al. (2001) and Phillips et al. (2003). Crude protein values
are based on the nitrogen content multiplied by the constant 6.25, a value used
traditionally by national food quality regulatory bodies. This value has been found to
generally overestimate net protein in a range of foodstuffs by 5.5 - 20.6% (SaloVäänäninen and Koivistoinen 1996), thus Table 4.2 values may also be overestimates.
The energy density value of S. apama, 3.53 kJg-1, is comparable with values
reported for other cephalopod species (Clarke and Prince 1980, Croxall and Prince
1982, Rahman 1995).
Amino acid composition of S. apama (Table 4.3) is comparable to that found in
other cephalopod species by Zlatonos et al. (2006), and Sidwell and Ambrose (1975). In
S. apama, the head and mantle sections are generally richer than the viscera in a range
of amino acids (Table 4.3).
4.5.2 Comparison of S. apama and fish AA composition
Fish are a major dietary component (24-36%) of breeding Diomedea albatrosses
(Cooper et al. 1992, Weimerskirch et al. 1997), with the remainder of their diet
consisting mainly of cephalopods (59-72%). Presumably fish are less likely to be
encountered as carrion than semelparous cephalopods and must be taken alive. Because
Diomedea albatrosses are very buoyant and do not dive, fish capture possibly requires
additional foraging effort and may explain the >2:1 cephalopod: fish ratio (Prince et al.
1994) in albatross diets. Amino acid characterizations of several species of cephalopods
and teleost fish are summarised in Table 4.5. A comparison between the distributions of
AA means of the two groups shows that they do not differ in AA composition (χ2 =
0.99, df 16, p >0.99).
4.5.3 Albatross moult and nutrition
The breeding period for Diomedea albatrosses spans almost 12 months and they
do not moult while breeding. Breeding is synchronised to resource availability, thus the
need to continue body moult at the end of a breeding period precludes another breeding
attempt for at least 12 months. Moult occurs at sea, where they replace approx. one third
of their plumage in a year, thus a complete body moult takes at least six years (Prince et
al., 1997; Tickell, 1968). Sea surface temperatures in the southern oceans range from
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sub zero to 20ºC and it is important that they maintain the thermal insulative and water
repellent properties of their plumage. All of the albatrosses used in this study were
undergoing body moult and, from examination of three plumage areas (scapulars,
ventral and wing coverts), I estimated the proportion of feathers undergoing
replacement at any time to be 7.1±0.4% (n= 57) (HB unpubl. data). Individual feathers
being replaced at any one time were distributed in size from newly emerged pin feathers
to fully grown, thus the actual plumage mass decrease during such a moult regime
would be approximately 3.6%, half the proportion of growing feathers.
The majority of Diomedea albatrosses feeding on S. apama in New South Wales
are replacing primary flight feathers. At this time, I observed that flight performance
was so degraded in conditions of low wind speed (<20kmh-1), that take-off was difficult
and flight was often unattainable with the added weight of a meal. This phase of moult
is a critical period where an adequate source of essential amino acids is required to
support moult. As flight feather replacement and growth can be adversely affected in
periods of resource limitation, an abundant food supply during body moult would
presumably reduce the energy costs of transport and ensure adequate nutrition (Pehrsson
1987, Murphy and King 1989)
Compared with assimilation efficiencies reported for other healthy adult seabirds
(67.5 – 81.8%), the 81.8% found for Diomedea albatrosses is at the high end of the
range (Jackson 1986, Brekke and Gabrielsen 1994, Kirkwood and Robertson 1997).
Several studies have shown that increasing dietary fat content enhances assimilation
efficiency (Hurwitz et al., 1986; Maiorino et al., 1986), and the 81.2% found for
kittiwakes (Rissa tridactyla) fed Arctic Cod with a fat content of 10% may have
contributed to this high value (Brekke and Gabrielsen, 1994). High dietary fat content
may also be responsible for the 81.8% AE reported for emperor penguins (Aptenodytes
forsteri) (Robertson and Newgrain, 1992), but confirmation awaits proximate analysis
of the Australian salmon (Arripis trutta) diet used.
The correlation relationship between AEn and dietary fat content (x) (AEn = 67.8
+1.3x) reported by Brekke and Gabrielsen (1994) predicts an AEn of 69% for seabirds
consuming cephalopods. It is unclear if the high assimilation efficiency of Diomedea
albatrosses represents an adaptation to a cephalopod-rich diet, or if cephalopods are
generally more easily assimilated than fish.
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Based on several nutritional studies of birds, the daily maintenance (non
moulting) requirement of quality protein for birds has the allometric relationship
(Klasing 1998):
Protein (mg day-1) = 3489 Mb0.58, body mass (Mb) in kg
For Diomedea albatrosses with an Mb range 5.5 - 9 kg (as used in this study), this
predicts a daily protein requirement of 9.4 - 12.5g. I found that I could maintain stable
body mass in captive albatrosses with a daily S. apama meal mass of ~10% of Mb (550900g). My field observations suggest that free-living meal sizes are >20% of Mb,
suggesting that the minimum dry mass quantity of protein ingested in a single meal is
186-307g, far in excess of maintenance needs. The abundance of this forage means that
birds can remain replete during the day and, because S. apama is luminous even after
death (author’s observations), it can be located at night. As Diomedea albatrosses feed
at night (Weimerskirch and Wilson 1992), digestion is probably a continuous process.
The combination of an extended moult regime, a highly proteinaceous diet and
abundant food likely eliminates any need for moult AA requirements to be resourced
from muscle tissue as found in other avian species (Swain, 1992; Murphy and King,
1984; King and Murphy, 1987; Murphy et al., 1990).
With few exceptions the levels of individual AAs in cephalopod and fish tissue
have a relatively even distribution (Table 4.5). Based on digestibility and amino acid
content (protein digestibility-corrected amino acid score), these are considered a source
of superior quality protein (Friedman, 1996; Zlatonos et al., 2006). Thus while feather
keratin AA distributions have significantly higher levels of some essential AA than
either fish or cephalopods, in particular cysteine, valine and lysine, the protein in
albatross diets would be expected to at least meet all proximate AA needs, with any
excess being used as an energy source.
Although I did not determine the fatty acid composition of S. apama lipids, there
are sufficient studies of fatty acid composition in cephalopods and teleost fish to gauge
the levels of fatty acids in albatross diets. Polyunsaturated fatty acids (PUFAs) with
double bonds beyond the Δ9 carbon are essential dietary fatty acids in birds, and these
are well represented in both the n-3 and n-6 PUFA groups found in cephalopods and
fish. Lipid content for several fish and cephalopod species are reported as 5-6% of dry
tissue mass, and all are particularly rich in n-3 PUFAs (Iverson et al., 1997; Raclot et
al., 1998; Phillips et al., 2002; Zlatanos et al. 2006).
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Table 4.5 Comparison of amino acid % composition of S. apama with that determined for 5 other cephalopod and 7 teleost fish species.
1

Sepia

2

Sepia

apama officinalis

Loligo

pealei

2

Loligo

3

Illex

2

Octopus 5Colossoma 4Champsocephalus 6Gadus 3Micropogon 3Mugilidae 3Anoploma 3Opisthonema

vulgaris opalescens vulgaris

mitrei

gunnari*

callarius undulatus

spp.

fimbria

oglinum

Asx

7.56

6.6

10.70

6.3

10.90

6.70

10.50

4.51

6.94

13.30

14.10

12.80

8.10

Thr

3.18

2.8

3.50

3.8

3.70

3.70

3.80

2.28

4.04

4.30

4.60

4.00

3.40

Ser

3.15

2.8

3.30

3.1

3.70

2.90

4.80

2.28

4.61

4.00

4.10

3.40

3.00

Glx

11.00

10.2

13.70

11.7

13.20

12.50

19.80

6.37

10.94

16.40

16.20

15.00

12.60

Pro

4.00

4.9

4.70

3.7

5.60

4.40

4.70

1.82

2.60

3.30

3.80

2.80

4.20

Gly

5.43

3.9

4.40

3.7

5.00

3.10

4.80

3.40

4.25

4.50

5.50

4.70

4.50

Ala

4.01

3.7

5.40

4.9

5.50

3.90

5.10

4.01

6.03

6.00

6.60

5.50

4.90

Val

3.48

2.7

3.00

2.8

3.30

3.30

3.90

2.67

3.99

4.80

5.50

5.00

3.60

Met

2.14

1.8

2.30

2.3

2.20

1.70

2.80

1.40

1.20

3.00

2.90

2.80

2.20

Ile

3.66

2.8

3.70

2.9

4.00

3.00

4.50

2.26

3.42

4.50

5.00

4.60

3.50

Leu

5.78

4.9

6.70

5.1

6.90

4.80

8.80

3.81

6.35

7.80

8.70

7.70

6.80

Tyr

2.79

2

1.80

2.6

2.30

2.10

3.80

1.16

1.43

3.10

3.40

2.80

2.50

Phe

2.42

2.6

2.70

3.2

2.60

3.30

4.30

1.46

1.96

3.40

3.90

3.10

2.90

Lys

4.88

5.4

5.70

6.2

6.30

6.00

10.00

3.83

11.01

9.50

9.30

8.40

8.20

His

2.00

1.3

1.50

1.5

2.50

1.60

2.20

0.89

3.95

2.18

3.70

1.80

2.90

Arg

6.03

5.3

7.20

4.1

7.50

5.20

6.60

2.07

13.00

6.40

6.80

6.30

4.90

Trp

na

na

na

na

na

Na

na

0.31

0.75

na

na

na

na

1.08

1.4

na

1.3

na

1.10

1.18

1.62

na

na

na

na

Cys/2
1

3

2

3

4

1.6
5

6

This study. Zlatanos et al. 2006. Sidwell and Ambrose 1975. Partmann 1981. Machado and Sgarbieri 1991. Connell and Howgate 1959.

*Bound amino acid assay
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Albatrosses prey on many species of cephalopods, and there is much interannual variation in species taken (Xavier et al., 2003). S. apama has a similar
composition to the other cephalopod species summarised in 4.5, which can be
considered representative of the class Cephalopoda. For Diomedea, with a preference
and likely adaptation to a cephalopod diet, and with a low rate of feather replacement, S.
apama apparently meets all nutritional needs during moult.
While there are some differences in water content, lipid content and the amino
acid spectrum of the three S. apama sections analysed, I could not identify from my data
a nutritional factor that could be considered likely to influence the preferential order in
which cuttlefish sections are eaten by Diomedea albatrosses. Cephalopods however are
a source of essential minerals and vitamins, and if these are differentially distributed
within the body sections, there could be a nutritional basis for the observed feeding
preferences (Lozano et al., 2001).
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Chapter 5
The effect of food temperature on post‐prandial metabolism in
albatrosses
5.1 Abstract
Heat generated by the specific dynamic action (SDA) associated with feeding is
known to substitute for the thermoregulatory costs of cold-exposed endotherms,
however the effectiveness of this depends on food temperature. When food is cooler
than core body temperature, it is warmed by body heat and, consequently, imposes a
thermoregulatory challenge to the animal. The degree to which this cost might be ‘paid’
by SDA depends on the relative timing of food heating and the SDA response. I
investigated this phenomena in two genera of endotherms, Diomedea and Thalassarche
albatrosses by measuring post-prandial metabolic rate following ingestion of food at
body temperature (40C) and cooler (0 and 20C). This permitted estimation of
potential contributions to food warming by SDA-derived heat, and observation of the
effect of cold food on metabolic rate. For meal sizes that were 20% of body mass,
SDA was 4.22 ± 0.37% of assimilated food energy, and potentially contributed 17.9 ±
1.0% and 13.2 ± 2.2% of required heating energy of food at 0ºC for Diomedea and
Thalassarche albatrosses respectively, and proportionately greater quantities at higher
food temperatures. Cold food increased the rate at which post prandial metabolic rate
increased to 3.2-4.5 times those associated with food ingested at body temperature. I
also found that albatrosses generated heat in excess by >50% of the estimated
thermostatic heating demand of cold food, a probable consequence of time delays in
physiological responses to afferent signals.

5.2 Introduction
Albatrosses (Procellariiformes) are large carnivorous pelagic seabirds having a
general affinity for cold and temperate waters (Warham, 1990). Because food is patchily
distributed in space and time in the marine environment, albatrosses must fly long
distances to satisfy their energy needs. When food is encountered, it is often
aggressively contested by other individuals, resulting in gorge-feeding of substantial
amounts of food in 3-4 minutes (pers. obs.).
In the Southern Hemisphere, some albatross species forage as far south as the polar
pack ice (Weimerskirch et. al., 1993), where sea surface temperature (SST) can be
below 0ºC (NODC, 2005). Their diets comprise predominantly marine ectotherms,
mainly cephalopods and fish (Warham, 1990; Cherel and Klages, 1998), which are
ingested at ambient SST. Meal masses taken by free flying albatrosses often exceed 20
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percent of body mass (Mb) (Imber and Russ, 1975; Berutti and Harcus, 1978; Clarke et.
al., 1981; Cooper et. al., 1992). As Albatrosses are homeothermic endotherms with core
temperatures of 40oC (Warham, 1971), most of their food is sufficiently cold to
produce thermoregulatory costs, which reduces the net energy obtained from a given
amount of food.
When an endotherm ingests a cold (lower than core temperature) meal, a rise in postprandial metabolic rate (PPMR) will result from warming the cold meal (Wilson and
Culik, 1999), from physical activities associated with feeding, and from post-feeding
processes termed (alternatively) specific dynamic action (SDA), heat increment of
feeding or dietary induced thermogenesis. SDA (used here) has been studied in a wide
array of endothermic vertebrates, including fish (Fitzgibbon et al. 2007), and results in
part from the transport of food through the alimentary tract (Masmann et. al., 1989), but
most (> 90%) is associated with post-digestive stimulation of cellular protein synthesis
(Ricklefs, 1974; Jobling, 1983; Blaxter, 1989; Carefoot, 1990a; 1990b; Brown and
Cameron, 1991a; 1991b). Because the metabolic heat produced by SDA is known to
substitute for thermogenesis in birds exposed to sub-thermoneutral temperatures
(Biebach, 1984; Baudinette et. al., 1986; Chappell et. al., 1997; Masmann et. al., 1989;
Kaseloo and Lovvorn, 2003; Præsteng, 2004), I considered that SDA-related heat
production could also contribute to warming cold meals from which it was derived.
If SDA is to make a substantial contribution to the cost of warming cold food, the
heat generated by SDA must be concurrent with the warming of a meal, which
presumably begins immediately after ingestion. This requires food to be quickly
processed and for digestion products to be delivered to protein-synthesising tissue
within a very short time. To determine SDA and food-temperature effects on metabolic
rate (MR) in albatrosses, I measured PPMR for meals isothermal to Tb (i.e. with no
warming costs). I estimated the relative contributions of SDA and thermogenesis to
warming cold meals by predicting the time course of meal warming from a
mathematical model, and by measuring PPMR of albatrosses fed cold (0ºC and 20ºC)
meals.

5.3 Material and Methods
5.3.1 Experimental Animals
I captured free-living Gibson’s (Diomedea gibsoni Robertson and Warham),
Wandering (D. exulans Linnaeus) and Yellow-nosed (Thalassache carteri Rothschild)
Albatrosses at sea off Wollongong, New South Wales, Australia (32º 29’ S, 151º 50’ E)
using hand-cast nets as described by Gibson (Gibson, 1967). All of the Diomedea were
recaptured banded adults of breeding age and all Thalassarche were at least 5-years old,
as indicated by their adult plumage and primary moult patterns (Brooke, 1981). The
Indian Yellow-nosed is the smallest of albatross species and the Gibson’s and
Wandering among the largest. For this study I used one D. exulans, seven D. gibsoni
and seven T. carteri. Body weights (fasted) of individuals, were measured with a Pesola
spring balance to the nearest 50 g as 2158 ± 113 g (Mb ± s.e.m.), range 1850-2300 g,
for the Yellow nosed Albatross and 6288 ± 237g, range 5450-7500 g, for the
Diomedea species. D. gibsoni and D. exulans are closely related species with virtually
identical life histories and for this study are treated as one species (Warham 1990).
Birds were transferred to the University of Wollongong and held in an air-conditioned
facility. Birds were held for up to 4 days and returned to sea following measurements of
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PPMR. All aspects of care and handling of birds conformed to the Australian code of
practice for the care and use of animals for scientific purposes (Australian National
Health and Medical Research Foundation 1999-2004) and had gained approval from the
University of Wollongong Animal Ethics Committee (Permit No. AE04/11)
5.3.2 Metabolic Rate Measurements
To identify thermoneutral temperature ranges for Diomedea albatrosses, the metabolic
rate of six D. gibsoni was continuously measured in a positive pressure open system
respirometer while chamber temperature was lowered from an initial 18ºC to 3ºC in one
degree steps over a period of 8 hours. Five birds showed no MR response to the
temperature changes, and one bird increased MR by 40% when chamber temperature
fell to 6ºC. From these results I assumed that chamber temperatures of 14ºC that I
intended to use for a range of metabolic rate studies were albatross thermoneutral. As
my intention was to simply identify a thermoneutral temperature range for other
measurements I did not extend this study.
I used two negative pressure open-system respirometers as described by Hill (1972) to
determine rates of oxygen consumption. Measurements were carried out at chamber
temperatures of 14 ± 1ºC (thermoneutral for albatrosses) and air-flow rates of 20-30
standard litres per minute (slpm). Flow rates were monitored by either a Hastings
HFM201 100 slpm mass flow meter or a Singer DTM115 slide valve flowmeter
modified to give a flow-related pulsed voltage output. At these temperatures I
anticipated that albatrosses confined in chambers might suffer thermal stress if unable to
readily dispose of post-prandial heat output. Accordingly, the chambers were large
enough to permit birds to assume resting postures and were provided with cool (1314ºC) fresh running water to allow metabolic heat dissipation via their immersed feet.
This feature also eliminated soiling of plumage by faeces, which were released in
copious amounts after a meal.
Of the 15 birds used in the study, six were measured at three meal temperatures, and
the remainder at two as detailed in Table 1. PPMR measurements were recorded at meal
temperatures (Tf) of either 0ºC, 20ºC or 40ºC. Repeated measurements on individuals
were made on successive days and birds were fasted overnight before each
measurement session. All measurements were made in daylight hours, corresponding to
the active phase of the albatross circadian cycle.
Table 5.1. Relationship between numbers of each species used in this study and the multiple
food temperatures at which PPMR measurements were made.
Species

0/20/40ºC

0/20ºC

T. carteri

5

1

D. gibsoni

1

D. exulans

0/40ºC

20/40ºC
1

5

1

1

To determine resting metabolic rate (RMR) and assess handling effects, I placed birds
in chambers 1-2 hours prior to feeding. At the end of this period birds were removed
from the chambers, force fed meals of ≈20% of body weight of chopped cuttlefish
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(Sepia apama Gray) and returned to the chambers, a process requiring usually less than
two minutes. Feeding was simply a matter of holding the bill and gape open, covering
the glottis and dropping in the cuttlefish pieces, which being well mixed with mucus,
slipped readily into the proventriculus. Birds were then returned to the chambers and
had metabolic rates measured until PPMR returned to RMR levels, a period of 10-12
hours. Food was weighed with an Ohaus Model E1F110 balance to the nearest 0.1 g.
Excurrent air samples, scrubbed of moisture and CO2, were drawn through either an
Applied Electrochemistry S3A or a Sable Systems FC1 oxygen analyser at a rate of
≈200ml/min. Oxygen analysers were referenced to ambient air for 4 min in each 30-min
period, using a Sable Systems Mutliplexer V2.0, to account for baseline drift. Chamber
temperatures and oxygen readings were sampled at 2- second intervals using a
DataTaker DT500 data logger. Warthog LabHelper software (www.warthog.ucr.edu) on
a Macintosh computer acquired data and controlled gas- sample switching.
5.3.3 Determination of SDA and thermoregulatory component of post‐
prandial metabolism
I define PPMR simply as the MR after a meal is consumed and this will be elevated
above RMR by SDA and food heating costs. As I need to refer specifically to the
elevation in PPMR following a meal I define elevated PPMR (PPMRe) as
PPMRe =

tf
t 0

PPMR(t) – RMR.dt

where tf –t0 is the period for which PPMR(t) – RMR > 0.
Because food that is isothermal to a bird’s core temperature does not directly perturb
its thermal homeostasis, I assumed that SDA would be the only cause of elevation of
PPMR following ingestion of food heated to core temperature (Tf = 40ºC) in quiescent
birds. PPMR has the potential to include an activity component, but by using quiescent
birds and adjusting data for any observed activity (as described below), I assumed that I
had eliminated this factor. I accordingly determined SDA as the time integrated
difference between PPMR and RMR over the period of post-feeding MR elevation. That
is
SDA = PPMRe for Tf = 40ºC

(1)

I further assumed that the difference in PPMRe between isothermal (Tf = 40ºC) and
cold meals reflected the thermoregulatory cost of food warming and calculated these
costs as follows:
Thermoregulatory component of PPMR = PPMRe - SDA (2)
In this study I expressed both SDA (PPMR measured at Tf = 40ºC) and PPMRe
measured at Tf = 0 and 20ºC, as a percentage of the energy assimilated (AEn) from a
meal. From concurrent studies I determined AEn for Diomedea albatrosses as 81.8%
(Battam et. al., 2010) and assumed that this value applies equally to Thalassarche
albatrosses.
Not all birds tolerated a long session enclosed in a chamber, as indicated by
restlessness and elevated MR. Intolerant birds were removed from chambers once
restlessness was observed and data from these sessions were not used. All other birds
used were generally quiescent, but exhibited infrequent short bursts of activity
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associated with posture changes, scratching, etc., with corresponding increases in MR.
The data acquired within these periods of activity was amended by interpolating
between average MR values which occurred before and after a given activity period.
5.3.4 PPMR rise time
As the respirometer chambers were opened for a short period to remove and feed the
birds, the chamber steady state gas mixture was replaced to a large extent by ambient
air. After the birds were replaced and the chambers sealed, the observed rates of rise in
PPMR (see Fig.2) were therefore less than actual rates due to dilution of the chamber
gas mixture. To correct for this effect, I used nitrogen to determine respirometer
chamber dynamic volume and to derive the chamber time constant (τc) over the range of
flow rates used for this study. The chamber response function was of the form
t
A(t)  A exp (  ) , where t is elapsed time and A is the initial nitrogen fraction of

τc

chamber gas. I estimated the value of τc from

τ

c



Vd
min
4.98F

(3)

where Vd is chamber dynamic volume in litres and F is flow rate in standard litres min-1.
Actual PPMR rise times were estimated from observed values using the inverse of the
chamber response function. PPMR rise times measured were reduced by 2-3% after
correction for the chamber response.
5.3.5 Measurement of physical properties of S. apama
For this study I required values for specific heat, density and thermal
conductance of S.apama tissue, and for measurements of these properties I used tissue
samples from coarsely minced and homogenised whole animals. Single samples only
from each of 10 animals were used for measurements of density and thermal
conductance, and from 7 animals for thermal conductance.
Specific heat of wet tissue samples, weighed to the nearest 10 mg, was
determined by cooling samples of ≈200 g to ≈0C and measuring the temperature
change when these were added to water at ≈27C in a Gallenkamp CBA-301 adiabatic
calorimeter. Calibrated standard thermometers accurate to 0.005C were used for all
temperature measurements
Specific heat of cuttlefish (Cv) was then determined from
Cv = T Ch / Mc

(4)

where Ch is the specific heat of water, T is observed temperature change in calorimeter
water content and Mc is cuttlefish mass. I used 4.15 Jg-1 as the value for Ch.

57

Volumes of cuttlefish samples (≈200 g) were determined using water
displacement at 20 C and density (ρ) was then estimated from
ρ = Mc / Vh

(5)

where Vh is water volume displaced.
To determine thermal conductivity (Kt ) I placed cuttlefish tissue columns of
length 5 cm and 1 cm2 square cross sectional area within a polyurethane foam shell with
3 cm deep walls. Bead thermistors were inserted into and along the axis of the tissue
columns at 1 cm intervals. These were pre-calibrated against a standard mercury
thermometer and capable of measuring temperature with an accuracy of <0.1oC. One
end of the column was clamped to 0oC and one Watt of power applied to the other using
a 1 cm2 square resistive grid. Current and voltage values, 1 Amp at 1 Volt, applied to
this grid were regulated to within 0.1% of nominal values. The measurement
configuration is shown (not to scale) in Fig.1
Following application of power, temperature rise along the column was sampled
at one minute intervals using a Sable Systems Universal Interface and Sable Datacan
application software resident on an IBM-C PC. Thermal conductivity of the cuttlefish
tissue was determined from the mean of the temperature drop (T in ºK) over the second
1 cm length of the column after steady state conditions were observed to exist using (for
unit cross-section and length)
Kt = Power / T,

(6)

where Power = 1 Watt.
Differences between temperature drops over the second and third 1 cm lengths
of the column were used to estimate loss of heat through the boundaries of the column.
This was < 1% and was ignored.
A Mettler PM400 electronic balance was used for all weight measurements
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Fig. 5.1 Configuration used to measure thermal conductivity of S.apama tissue (not to scale)
5.3.6 Data analysis
I used Warthog Lab Analyst software (www.warthog.ucr.edu) to calculate and
.
evaluate oxygen consumption (VO2) and used
.
VO2 (ml/min) = F.(FiO2 - FeO2)/(1 - FeO2)

(7)

Where F is flow rate (ml/min slpm) and FiO2 and FeO2 are the fractional incurrent and
excurrent O2 concentrations, respectively (FiO2 was 0.2095 and FeO2 was always >
0.204) (Hill 1972).
Microsoft (MS) Excel and WinSTAT were used for data analysis, descriptive
statistics, and ANOVA. All percentage data were arcsine square root transformed to
satisfy the requirements of parametric analyses (Zar, 1998). Unless stated otherwise, all
values are presented as means ± one standard error. Measurements at either 2 or 3 food
temperatures were made on all birds used in this study, necessitating repeated measures
ANOVA testing of some results.
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5.3.7 Thermal modelling of an ingested meal
A cold meal ingested by an albatross is under pressure laterally from elastic
proventricular walls and vertically from meal weight. As a consequence, the food tends
to form a bolus, which can be readily determined by palpation of the proventriculus.
The bolus can be approximated in shape by a sphere. If the body core is assumed to be
adiabatic and maintained at 40ºC, and if the food bolus is assumed to be isotropic and
radially isothermal, then the transfer of heat from body core to the meal can be
approximated by a simplified form of the general heat equation. The form and general
solution of this equation for the time average temperature rise of the bolus is derived
below. I used equation (11) to predict the average temperature rise over time of an
ingested cold meal, subject to the above assumptions.
The time rate of change of temperature distribution in a three dimensional body {(r,t)}
given by the general heat equation (see Carslaw and Jaeger, 1959 and Churchill, 1963)
is:
డ௩
డ௧

ൌ  ଶ  ݒwhere ଶ is the Laplacian operator and

thermal diffusivity  

t
cv

(8)

where Kt,  and cv are thermal conductivity, density and specific heat respectively.
Expressed in spherical coordinates, where the sphere is isotropic and radially
isothermal, it can be reduced to:

v
 2 v
 { 1
(r )}
r r
r
t
where the variables t and r represent time and radius respectively. This can be expanded
to:
v
 2v 2 v
 ( 2 
)
t
r
r r

and letting u  vr , for a sphere of radius Rf, this reduces to:
u
 2u
 2
t
r

for t > 0 and 0 ≤ r ≤ Rf

(9)

With boundary conditions for ν(r,t) of:
v (0,0)  Tf
v ( r ,0 )  v ( r ,  )  T b
v (0, )  Tb
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The solution of Eqn.4 for u throughout a sphere of radius Rf is:
u  Tb 

2 Rf (Tb  Tf )  ( 1) n  1
n2
n r
exp

t sin

n
Rf
r

n 1

(

)

(10)

where Tb and Tf are body and meal temperatures, respectively. The time average
temperature of the sphere,  v  , which is most relevant, is given by:
 v  (Tb  Tf ) 

6(Tb  Tf )  1
n 2t
exp(

)


Rf  n1 n 2

where the thermal time constant,  

and meal bolus radius

Rf 2

(

(12)

 2

3Mf
Rf
4

(11)

)

1

3

(13)

where Mf is meal mass.
Equation (11) is the general solution for the time-average temperature rise in a
spherical meal bolus and has the form of a rapidly converging series of inverted
decaying exponential terms. Four terms are adequate and it is readily determined that (i)
the effects of higher order terms (n > 1) have effectively ended after 2 and (ii) the meal
average temperature will have attained 86.5% of its final value after 2, and effectively
100% of its final value after 4.
Solution of the above equations requires knowledge of some physical properties
of food. For example, evaluation of the total energy required to heat a typical
cephalopod meal to Tb requires determination of the specific heat (cv) of its tissue and to
apply equation (11) requires values for thermal diffusivity ; (equation (8)) and thermal
time constant ; (equation (12)). I measured these physical properties in concurrent
studies as described later in this section. Meal bolus radius was found from meal mass
using equation (13). By applying this model to each meal mass fed to a given albatross,
I could predict the amount of heat energy required to raise a meal to Tb. By measuring
.
VO 2 over the 4 period after feeding I could then determine the amount of heat energy
delivered from SDA following this meal. From concurrent studies (unpubl. data) I
found S.apama to have a high protein content (>80% dry weight), and for oxygen
consumption used a thermal equivalence of 20.1 kJ/mlO2, which corresponds to an RQ
of 0.85 for a protein substrate.
I estimated the energy cost of heating a cold meal (Hm) from:
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Hm  CvMmT

(14)

where Cv is specific heat, Mm is meal mass and δT = Tb - Tf
Among other environmental factors, model precision is dependent on the shape
of the food bolus. Any variation from truly spherical will reduce food warming rate, and
predictions are therefore essentially first-order approximations.

5.4 Results
5.4.1 Specific heat, density and thermal conductivity of S .apama tissue

Values measured are listed in Table 5.2. I found these to be comparable to
values found for cuttlefish and other cephalopods (unidentified species) (Rahman 1995;
Saiwarun et. al. 2001). Listed also are values for energy density and protein content,
determined from concurrent studies (Battam et al., 2010).
5.4.2 Rates of change and rise times of post‐prandial metabolic rate

The air exchanges during the period that metabolic chambers were opened to
feed the birds meant that I had to estimate (as explained in the materials and Methods
section above) rather than measure the true metabolic responses after the chambers were
closed. However, it is clear that the initial rate of increase in PPMR was much greater
when albatrosses were fed cold compared to isothermal meals. PPMR increased linearly
towards a maximum value (PPMRmax) at a rate of 0.75 ± 0.08 in Diomedea albatrosses
fed meals at 0C and 0.86 ± 0.20 Wkg-1 min-1 for meals at 20ºC. In contrast, PPMR of
albatross fed similar-sized meals at 40 ºC increased at a rate of only 0.17 ± 0.03 Wkg1

min-1. Mean initial rates of change of PPMR (dMR/dt0) were 4.4-5 times greater at

meal temperatures of 0C and 20C than at 40C (Table 5.3), and PPMR rise times, the
time between attaining 10% and 90% of PPMRmax, were 18-24 percent of the 40C
value. These differences are readily apparent when comparing PPMR profiles measured
at meal temperatures of 0ºC and 40ºC in Fig 5.2, for an individual D. gibsoni.
After meals at 0ºC and 20ºC the PPMR responses of Thalassarche albatrosses,
while of lower peak values, were similar to those of the larger Diomedea, rising
relatively quickly and linearly (Table 5.3) to PPMRmax. Mean dMR/dt0 values were 3.2
times greater and rise times were 23–24.5% of those measured for meal temperatures of
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40°C. These cold meal rise times were not significantly different between the genera
(t=2.36, p >0.1) or between meal temperatures of 0°C and 20°C (t=0.72, p >0.4)
Table 5.2. The physical properties of S.apama tissue listed below with values that I measured,
are required to model thermal behaviour of a meal bolus within an albatross proventriculus and
to predict energy required to raise a cold meal to Tb. **Battam et.al. unpubl. data
Property

Value
means.e.m

N

Density – kg m-3

103713.0

10

Specific heat – J g-1 ºC-1

3.560.02

10

Thermal conductivity – W m-1 K-1

0.00500.0002 7

**Wet energy density – kJ g-1

3.530.10

10

**Protein content - % of dry mass

77.000.02

30

Table 5.3 Albatrosses have a rapid thermogenic response to cold meals. In comparison to
values measured at 40ºC (Tf = Tb), maximum PPMRmax is greater and PPMR rise times are less
for albatrosses fed cold meals. Measured values for these variables are given here for
albatrosses fed meals at 0ºC, 20ºC and 40ºC. All values are mean ± s.e.m.

Genera

Thalassarche

Diomedea

PPMR rise
time
minutes
14.0 ± 1.5

0.32 ± 0.04

306 ± 72

13.2 ± 1.0

0.32 ± 0.04

6

293.3 ± 75.7

57.0 ± 4.2

0.10 ± 0.03

0ºC

6

851 ± 48

13.4 ± 2.0

0.75 ± 0.08

20ºC

2

923 ± 15

17.6 ± 3.1

0.86 ± 0.20

40ºC

6

756 ± 59

73.9 ± 10.3

0.17 ± 0.03

Meal
temperature

n

PPMRmax
kJkg-1day-1

0ºC

5

453.1 ± 35.5

20ºC

5

40ºC

dMR/dt0
Wkg-1min1

5.4.3 PPMR and SDA

Observed PPMR increased to levels exceeding RMR within 10 minutes after
animals were fed cold meals and > 20 minutes for meals at 40ºC. PPMR typically
attained a peak (PPMRmax) within several hours and then gradually returned to RMR
over a period of 10-12 hours (Fig. 5.2). Mean elevated PPMR, integrated over the
period of elevation and expressed as a percentage of energy assimilated (AEn), is given
in Table 5.4 for the 3 meal temperatures used in this study and individual values are
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displayed in Fig. 5.3. Based on meals of S. apama, these values represent 4.22 ± 0.37%
of AEn, or 5.07 ± 0.45% of gross energy intake (GEI)

Fig. 5.2 Cold food stimulates a rapid increase in PPMR. Here for a D. gibsoni individual the
time course of PPMR after a cold meal (Tf = 0ºC —) is compared with that of PPMR after a
similar sized meal at Tf = 40ºC (—). RMR is the resting metabolic rate prior to feeding and
opening the chamber at feeding time causes the apparent rapid fall in MR from an inrush of
ambient air. As a result, measured PPMR rise times require correction for respirometer chamber
characteristics and for this individual are estimated at 2.2% less than those shown

As I measured PPMRe of albatross individuals at either 2 or 3 meal temperatures, I
performed repeated measures ANOVAs for body mass and meal mass-specific PPMRe
values at the meal temperatures used. PPMRe differed significantly between all meal
temperatures examined (30.35 > F> 115.4, 0.002 > p > 0.0002), but there were no
significant differences between individuals ingesting food at a given temperature (0.65
< F < 6.06, 0.64 > p > 0.08).
Between genera there were no significant differences found in mass-specific PPMR at
each of the meal temperatures (0.40 < F < 0.47, 0.79 < p < 0.82).
5.4.4 Metabolic response to feeding and its contribution to meal
warming

The metabolic heat production associated with SDA over 4 for the various sized meals
fed to Diomedea and Thalassarche albatrosses, is contrasted in Fig. 5.4 with the
predicted energy needed to warm 0ºC meals to Tb (based on equation (12)). The
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Fig. 5.3 Cold meals elevate PPMR above SDA. SDA is PPMR from meals at Tb (Tf = 40C).
Meals at lower temperatures include a thermogenic component which is dependent on food
temperature. PPMR here is given as a percentage of AEn to show the significant decrease in
nett energy gain from cold food.
Table 5.4 PPMR is negatively correlated with food temperature, demonstrating energy costs
additional to SDA and associated with cold meals. Generic and pooled results for PPMR from
Thalassarche and Diomedea albatrosses at three meal temperatures are given here as AEn%
(mean ± s.e.m.).
Meal temperature
ºC

Diomedea
Thalassarche
Pooled

0

20

40

12.72 ± 0.97
n=6
11.20 ± 0.50
n=5
11.96 ± 0.60
n = 11

8.04 ± 0.20
n=2
6.78 ± 0.33
n=5
7.66 ± 0.29
n=7

4.28 ± 0.72
n=6
4.30 ± 0.30
n=6
4.22 ± 0.37
n = 12

difference between these two values represents the amount of thermoregulatory energy
that individual albatrosses must generate to warm these meals.
Using measured SDA values and predicted temporal food heating profiles (from
equation (11)) for Tf = 0ºC, I estimated that the maximum contributions from SDA to
warming a 0ºC meal, under the conditions of this study and over a time period of 4,
were 17.9 ± 1.0% (n = 4) for Diomedea and 13.2 ± 2.2% (n = 5) for Thalassarche
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albatrosses. The meal sizes (20% of Mb) fed to Diomedea and Thalassarche, 1090 ±
55 g and 412 ± 18 g respectively, were significantly different (p << 0.001) and the
estimated SDA contributions to meal warming between genera were significantly
different at p = 0.012.

160
140
120
100
Thalassarche

Energy - kJ 80

Diomedea

60
40
20
0
0

200

400

600

800

1000

1200

1400

Meal mass - g

Fig. 5.4 For Diomedea and Thalassarche albatrosses, SDA can contribute to the heating cost

of cold meals. Here the measured energy delivered by SDA over 4 from meals of 20% of Mb
at 0°C () is compared with estimated total meal heating costs ().

Table 5.5 SDA measurement requires quiescent subjects and elimination of food warming
costs: SDA was found to be lower in albatrosses than in comparative studies where PPMR in
protein fed adult birds of prey included some activity metabolism and possibly some cost of
warming food.

Species
Kestrel
Falco tinnunculus
Tawny Owl
Strix aluco
Diomedea and
Thalassarche albatrosses

Author
Masman et. al.,
1988
Bech and
Præsteng, 2004

Body mass

This study

2000-7000 g

160-200 g
400-700 g

Diet
whole
mice
whole
mice
fragmented
cuttlefish

SDA
16.6% AE
8% GEI
4.22±0.37% AEn
(5.07 ± 0.45% GEI)
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5.4.5 Metabolic overcompensation in response to a cold meal

In all cases where Tf < Tb, I found that the total thermoregulatory energy expended
during the period of PPMR elevation was significantly greater than the amount required
to heat a cold meal to Tb levels (Fig. 5.5) (p <0.001 at 0 and 20ºC). This was determined
by first subtracting SDA heat production (estimated using the values in Table 5.4) from
the total thermogenesis associated with PPMR (using eqn (2)) and comparing this
difference to the energy needed to warm a given mass of food at a particular
temperature at feeding to Tb. The extent of this metabolic overcompensation was
63.5±12.4% (n=11) at Tf = 0ºC and 51.0±11.5% (n=7) at Tf = 20°C, but these values do
not differ significantly from each other (t = 1.75, p > 0.23) and there were no significant
differences between genera (p > 0.22). I checked for correlations between meal
temperatures and activity levels for all measurement sessions. All birds were generally
quiescent throughout all sessions and any activity that occurred was very brief,
sporadic, and unrelated to meal temperature.
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Fig. 5.5 Energy expended by albatrosses to heat cold meals exceeds the actual heating
demand. Here the measured energy expense () for Diomedea and Thalassarche albatrosses
in warming meals from 0ºC to Tb is compared with energy estimates for this demand () and
for warming food from 20 ºC ( measured expense,  estimated expense) The differences are
attributable to an inherent delay in lowering MR after thermal equilibration of body and meal
temperatures has occurred.
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5.5 Discussion
5.5.1 Metabolic responses to cold meals

All albatrosses displayed an immediate rapid increase in PPMR after a cold
meal. In contrast, the rate of increase in PPMR was 3.2-5 times less and PPMRmax was
lower in birds fed meals at Tb (40ºC) (Fig. 5.2). MR in the Common Eider, Somateria

mollissima, shows a similar rapid increase to oesophageal thermal challenges, indicating
the presence of cold sensors in the upper alimentary tract (Mercer, 1989). This means
that thermoregulatory responses to cold meals can be expected to be underway well
before the start of digestion and the onset of SDA-related thermogenesis.
In every case where albatrosses were fed a cold meal, total post-prandial heat
production exceeded the amount required to raise Tf to Tb, as predicted from equation
(1). Similar excess thermogenesis has been reported in humans after cold drinks
(Boschmann et. al., 2003) and Pekin Ducks, Anas platyrhynchus (Simon-Oppermann et.
al., 1978) when core temperature was reduced by thermodes implanted in the
hypothalamus. This MR overcompensation is apparently associated with delays in
physiological responses to afferent signals, as demonstrated in pigeons Columbia livia
by Østnes and Bech (Østnes and Bech, 1998).
To prevent legs freezing when exposed to sub-zero temperatures for extended
periods, pigeons Columba livia, regularly flush legs and feet with pulses of warm blood.
This process, ‘cold induced vasodilatation’, injects corresponding pulses of cold blood
into the body core. Each cold pulse triggers an immediate rise in MR which persists for
some time after core temperature has been restored to Tb, thus delivering more heat than
required (Johansen and Millard, 1974; Murrish and Guard, 1974; Østnes and Bech,
1998).
In this study as birds were quiescent in the respirometer chambers, activity costs
did not contribute to PPMR. Cold meal PPMR therefore had 3 major components:
thermoregulatory demand of heating cold food, SDA, and the ‘thermogenic ’overshoot.
For any organism an upper limit can be expected in the rate of increase in MR
following a thermoregulatory challenge. In the pigeon, the maximum MR value was
measured as 1.05 Wkg-1min-1 (Østnes and Bech, 1998). I found the equivalent values
for Diomedea and Thalassarche albatrosses (dMR/dt0) to be 0.78 ± 0.52 and 0.32 ± 0.03
Wkg-1min-1 respectively.
It is apparent that thermal signals propagate rapidly through the blood stream
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(Østnes and Bech, 1998). A body core cooling event is therefore expected to generate a
cold front that will propagate throughout the body, rapidly triggering a chain of
responses from cold sensors located throughout the vascular system and other sites
within the body core (Lin and Simon, 1982; Fruhstorfer and Lindblom, 1983; Simone
and Kajander, 1997; Simon, 2000). Conceivably such a large ensemble of coincident
afferent signals will strongly stimulate a marked and rapid thermoregulatory response to
counter a drop in core temperature, resulting in the rapid rise in PPMR observed in
albatrosses fed cold meals.
Regardless of the physical and neurological bases, the thermoregulatory
‘overshoot’ represents an additional cost to processing a cold meal, and consequently
reduces the net energy available from a given meal.
5.5.2 SDA measurement

The amount of SDA is known to vary as a function of food type (Blaxter 1989)
and diet energy density (Costa and Kooyman, 1984; Rosen and Trites, 1997), with
protein diets producing the greatest effect. Results of SDA measurements in adult birds
fed protein meals are listed in Table 5.6. Kestrels and Tawny Owls were fed whole mice
((Masman et. al., 1988; Bech and Præsteng, 2004) and their SDA values would include
an activity component associated with food fragmentation, whereas pre-chopped
albatross meals were placed directly into the oesophagus. Furthermore, because food
temperature was not reported by Masman et. al. (1988), the SDA value they report may
include a thermoregulatory component.
Costa and Williams (Costa and Williams, 2000) reviewed SDA studies of adult
marine mammals. They reported SDA values ranging from 4.7 to 16.8% of gross energy
intake (GEI), with the majority of values above 10% GEI. Although I could not verify
that any of these studies corrected for food temperature effects, it appears that the
PPMR values I found for albatrosses fed cold meals were comparable to the ‘SDA’
values reported for these marine mammals.
5.5.3 Contribution of SDA to meal warming

I have assumed that SDA for a given food mass and type is independent of food
temperature (I can only measure it at Tf = Tb = 40 ºC), and I have found the rise times of
PPMR for food temperatures of 0 and 20ºC are comparable and presumably this also
holds for the 0-20ºC range. As food at Tf = 20ºC has a heating demand that is 50% of
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the Tf = 0ºC value, the percentage contribution of SDA to food warming at Tf = 20ºC
can therefore be expected to be twice that estimated for the lower temperature.
Differences between values (listed in Table 5) estimated at Tf = 0ºC and one half of
those estimated for Tf = 20ºC were not significant at p=0.3.
5.5.4 Comparison of model predictions with in vivo measurements

Weimerskirch and Wilson (1992) implanted breeding Wandering Albatrosses at
the Crozet Islands with stomach temperature loggers to identify feeding patterns during
their 6 to 18-day foraging flights over the Southern Ocean. The Crozet Islands lie at 46º
25’S, 51º 40’ E, below the Subtropical Front (STF) where SST ranges 6-8ºC (Smith et.
al., 2005). Wandering Albatross from these islands regularly forage north of the STF
(Weimerskirch et. al., 1993), and recordings from one bird’s 6-day trip suggest that this
albatross fed below the STF at the extremes of its journey, but moved north of the STF
where SST is ≈12C (Smith et. al. 2005) at other times (Fig. 5.6). Stomach temperature
dropped rapidly after ingestion of cold food and returned to the 38-39C over a
consistent time course. After a particularly large meal, ingested some 60 h into the trip,
stomach temperature restoration time was about 4 h (= 4) to restore its. It attained 90
percent of its final value after 2 h (=2), suggesting that stomach thermodynamics
predicted by the model are comparable with those of free-living albatrosses.
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Fig. 5.6 Warming time of cold food in an albatross’ stomach. Shown here are stomach
temperature excursions for a Wandering Albatross D. exulans over a 6 day foraging trip in the
Southern Ocean, which reflect the influence of SST and meal mass on stomach temperature
and meal warming time. On days 1, late 6, and 7 meals were taken in cold water south of the
sub tropical front (STF). On days 2-5 meals were taken from warmer water north of the STF.
(reproduced from Weimerskirch and Wilson, 1992, by permission from Inter-Research Center,
publisher of Marine Ecology Progress Series.)

5.5.5 Ecological significance
Albatrosses can be considered energetically frugal animals. Field metabolic rates
of foraging/brooding albatrosses with chicks were found to be < 2.4BMR (Adams et.
al., 1986; Bevan et. al., 1995; Arnould et. al., 1996). Their reproductive costs are
reduced by raising a single chick over 7-8 month periods in the smaller species and 12
months in the Diomedea (Tickell, 1968; Tickell and Pinder, 1975; Thomas et. al., 1983,
Warham and Sagar, 1998); natal philopatry, and lifelong pair bonding minimise many
costs associated with breeding. Moult and breeding are mutually exclusive and body
moult proceeds very slowly, taking 3 to 6 years to complete (Tickell, 1968; Brooke,
1981; Prince et. al., 1993); and transport costs are typically very low, permitting longdistance foraging at sites very remote from breeding locations (Pennycuick, 1983;
Weimerskirch et. al., 1984, 2000; Cooper, 1988; Costa and Prince, 1987; Croxall and
Prince, 1990). In such a regime, subtle energy gains may result in marginal increases in
adult or juvenile survival or in breeding success parameters to which albatross
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populations have been shown to be very sensitive (Croxall et. al., 1990; Robertson,
1991). Accordingly, food temperature may influence the manner in which resources are
partitioned between age groups, sexes and species of albatrosses. For example, satellite
tracking of Wandering Albatrosses breeding on the Crozet Islands showed that breeding
males generally forage at higher latitudes than females and juvenile birds
(Weimerskirch et. al., 1993; Weimerskirch et. al., 2000).
Male Wandering Albatrosses are significantly larger (20-27%) than females and
juveniles and contribute more resources than females to chick rearing (Tickell, 1968;
Weimerskirch et. al., 2000; Shaffer et. al., 2001). Conceivably males will take larger
meals than females and the greater thermal time constant of the meal boluses will result
in lower heating rates, longer digestion times and extend the time available for SDA
heat to contribute to meal warming. This is apparent from the significant difference (p <
0.001) between the possible contributions of SDA to meal warming in Diomedea and

Thalassarche albatrosses. Lower convection heat losses from the larger body diameters
of males can be expected (Buttemer et. al., 1986) and overall males will have
thermoregulatory advantages over females and juveniles making foraging in colder
regions more energetically affordable. Conversely, smaller females and juveniles may
be restricted to foraging at lower latitudes where the higher SST would lower the energy
cost of warming food and would be accompanied by a greater relative contribution of
SDA-derived thermogenesis for food warming. Sexual segregation of foraging sites is
found in other albatross species, with females consistently foraging at lower latitudes.
This has been documented in Wandering and Grey-headed Albatrosses (Thalassarche

chrysostoma) breeding on Marion Island, Grey-headed and Black-browed (T.
melanophrys) Albatrosses at South Georgia and Buller’s Albatrosses (T. bulleri) on
islands south of New Zealand (Nel et. al., 2000; Nel et. al., 2002; Phillips et. al. ; 2004,
Stahl and Sagar, 2000a; Stahl and Sagar, 2000b).
In conclusion, because Diomedea and Thalassarche albatrosses forage in
southern latitudes where SST are generally at or below 20ºC, meals can be expected to
provoke a rapid post-prandial rise in MR in defence of core temperature. Meal
generated post-prandial heat production will consist of 3 components; the energy
demand of warming food, thermogenic ‘overshoot’ and SDA. Due to the rapidity of the
thermogenic response and the significantly lower rate in the rise of SDA, SDA will
make only a minor contribution to the energy demand of warming cold meals, but this
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contribution will increase proportionately with increasing food temperature. Studies of
some species have found that SDA, which is an unregulated heat source, is used to
offset thermoregulatory costs (Costa and Kooyman, 1984; Jenkins et. al., 1999).
Albatross feeding is usually associated with a considerable amount of activity including
flight, swimming, contesting and mechanically processing forage. Heat from activity
metabolism, another unregulated energy source, could also contribute to meal warming
and thus offset the associated thermoregulatory costs.
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Chapter 6
6.1 Conclusions
From my allometric analysis of avian muscles, I found that, (i) petrel locomotor
muscle mass scales isometrically with body mass; (ii) as body mass increases, petrels
redistribute locomotor muscle mass, with; deep pectoral muscle mass decreasing as leg
and other flight muscles increase; (iii) average locomotor muscle mass of petrels is
25.5% less than for other avian orders, a result of significantly smaller pectoral muscles;
iv) petrel leg and pectoral muscles have comparable masses and leg muscles scale
allometrically with an exponent of 1.16, and v) flight muscle components that support
and manipulate wings and wing control surfaces scale allometrically and with an
exponent significantly greater than unity, reflecting increased functional demands on
these muscles as albatross size increases.
These findings correlate well with petrel ecology. The use of oceanic air currents
for transport reduces reliance on powered flight, and pectoral muscle mass can be
accordingly reduced. However this results in degraded flight performance during takeoff, which petrels have overcome by using a take-off run. This combines leg and
pectoral muscle power during the period where body mass is accelerated to the point
where flight is attained and the efficient wings can be effectively employed to utilise air
currents. Leg muscle mass is likely to be influenced by other functional demands, and
this additional function of existing muscles has resulted in selection for an efficient
design for birds with a life history dominated by long-distance transport requirements.
As wing loading, aspect ratio and length increase with body mass, flight speed, wing
support and control surface muscle loads are increased, requiring the muscles associated
with these functions to scale above unity.
The reduction in flight and locomotor muscle mass observed in petrels, reduces
induced drag during flight and the overall mass of metabolising tissue that requires
maintenance. Transport and maintenance costs accordingly are expected to be reduced.
From previous studies of metabolic rate determination in albatrosses, I observed
that there was evidence the mass-specific basal metabolic rate (BMRm) of the large

Diomedea was (~30%) higher than BMRm of smaller Thalassarche albatrosses. I
measured BMR in two Diomedea and two Thalassarche species, and corroborated this
observation. Additionally, I found juvenile D. gibsoni to have 18% less body mass, and
31% lower BMRm than for adults.
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I also quantified the energy assimilation consequences of feeding on cuttlefish,
and how meal temperature affected the net energy gained My post-prandial metabolic
rate (PPMR) study of Diomedea and Thalassarche albatrosses fed cold meals (Chapter
5) showed that the rate of Diomedea PPMR response exceeded that of the Thalassarche
by 24% above the body mass corrected value. I concluded that this would significantly
benefit the larger Diomedea to deal with the thermal impact of their substantially larger
cold meals. Albatrosses are gorge feeders and Diomedea can ingest food at rates >1kg
min-1. In cold Southern Ocean waters, meal temperatures can be <0°C, and their large
volume can compromise functional performance of the liver and other closely located
and labile central organs. In contrast juvenile Diomedea forage in waters above the sub
tropical convergence, have no reproductive demands for increased food procurement,
have lower body mass, and consequently will ingest smaller meals. Because these
young birds are less experienced at locating food, a lower daily energy expenditure
(DEE) in less-productive but warmer waters may be of greater value to them than a
greater ability to heat large cold meals. This may improve the survival rate of birds in
the youngest age group at a life history stage where foraging skills are slowly
improving.
Albatrosses have cephalopod-rich diets, particularly the biennially breeding
species (which include the Diomedea) which are more reliant on cephalopods than
annual breeders. Cephalopod tissue energy density is relatively low (~50%) in
comparison to fish and krill, their other principal dietary components. I found that

Diomedea albatrosses assimilated >81.8% of energy from ingested cuttlefish tissue,
among the highest assimilation values reported for adult birds. Lower energy density
forage will necessitate a higher throughput rate and increased foraging effort compared
to energetically richer foods. Additionally, digestion and assimilation of food has cost
overheads comprising specific dynamic action (SDA) and meal thermostatic heating
energy when food is cooler than the bird’s body temperature. Because these costs are
proportionally greater for low energy density forage, this may favour the evolutionary
attainment of a high assimilation efficiency among species most reliant on cephalopod
diets.
I determined that SDA in two albatross species fed S. apama, was relatively low;
4.2% of assimilated energy. The rate of increase in SDA heat production following a
meal is, however, about 3.2-4.5 less than the rise in metabolic rates following ingestion
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of a cold meal. As heating of cold food starts at the moment of ingestion, this delay in
the rise of SDA limits the fraction of SDA that can be used for heating its meal of
origin. I estimated that the fraction of SDA heat production accounted for 17.9% and
13.2% of the heat needed to warm meals at 0°C in Diomedea and Thalassarche
albatrosses, respectively. Despite the contribution of SDA to offset food warming, there
is still a substantial amount of thermoregulatory heat production following ingestion of
a cold meal. Such costs are proportional to the difference between meal and body
temperatures, and the thermostatic cost of meals at 0°C is ~5% of assimilated energy.
Due to delays in physiological responses, elevation of metabolism for this purpose took
some time to restore to normal and resulted in >7.5% of assimilated energy as the cost
of heating a 0°C meal.
These meal processing costs subtract from the 81.8% assimilation efficiency that
I determined for Diomedea, suggesting that net energy assimilated is likely to be
approx. 75% when feeding on chilled cephalopods.
From this research I have:
Derived allometric relationships for the Procellariiformes, that confirm they
have homogeneity of form as suggested by Warham (1977). When compared with other
avian orders these relationships show some significant anatomical differences within the
petrels.
Evaluated the efficiency of energy assimilation by albatrosses from cephalopod
forage, including food-processing costs.
Confirmed the existence of intergeneric differences in albatross BMR, and in
association with my investigation into the cost of processing cold meals, found a
possible explanation for this difference.
Attempted to interpret my research outcomes in the context of albatross ecology,
based on my own observations and those of others reporting on albatross biology.

6.2 Future Research
Albatrosses are an iconic seabird group. But as open-ocean carrion feeders they
are particularly vulnerable to commercial fishers using baited hooks on long-lines and
other methods that attract albatrosses to the vicinity of mechanised operations. When
this susceptibility is combined with their protracted rates of development and limited
fecundity, extant populations of many species are experiencing declines. This mandates
urgent action to identify their foraging requirements, both in terms of knowing what
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they need and where they find it. Feeding locations are best determined through
deployment of GPS transmitters and loggers on different age cohorts among threatened
species. When this information is combined with knowledge of a species energy
requirements and food assimilation efficiencies, then dynamic programming models can
be developed to identify the times that particular areas need to be protected from
commercial fishing operations that might endanger them.
The economic potential of albatross populations is not at a level likely to attract
research funding. Rather, maintaining biodiversity is of most political concern, and
research funding currently available is targeted for overcoming the unsustainable
mortality rates observed in many albatross populations.
These modelling exercises should be coupled with complementary
physiologically based studies to further refine them. This includes addressing the
following questions:
a) How does the observed BMR difference in Diomedea age groups change with
time?
b) Is a higher BMR essential for elevation to breeding status among Diomedea spp?
c) Are high assimilation efficiencies for cephalopod diets restricted to biennially
breeding albatross species?
d) To what extent are age- and gender-related differences in foraging locations due
to differences in morphological, physiological, and/or foraging skills?
e) How is feather quality affected by diet?
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Appendix 1

Petrel locomotor muscle data set

Species
Daption capense australe
Daption capense australe
Daption capense australe
Daption capense australe
Daption capense australe
Daption capense australe
Diomedea antipodensis
Diomedea antipodensis
Diomedea antipodensis
Diomedea antipodensis
Diomedea antipodensis
Diomedea antipodensis
Diomedea epomophora
Pachyptila turtur
Pachyptila vittata
Pelecanoides urinatrix
Procellaria aequinoctalis
Procellaria aequinoctalis
Procellaria aequinoctalis
Procellaria aequinoctalis
Procellaria aequinoctalis
Procellaria aequinoctalis
Procellaria aequinoctalis
Procellaria aequinoctalis
Procellaria aequinoctalis

Vernacular
Cape Petrel
Cape Petrel
Cape Petrel
Cape Petrel
Cape Petrel
Cape Petrel
Antipodean Albatross
Antipodean Albatross
Antipodean Albatross
Antipodean Albatross
Antipodean Albatross
Antipodean Albatross
Royal Albatross
Fairy Prion
Broad-billed Prion
Common Diving Petrel
White-chinned Petrel
White-chinned Petrel
White-chinned Petrel
White-chinned Petrel
White-chinned Petrel
White-chinned Petrel
White-chinned Petrel
White-chinned Petrel
White-chinned Petrel

Sex
F
F
F
M
M
M
M
M
M
M
M
M
M
F
M
F
M
M
M
M
M
M
M
M
F

*body
weight

*leg
(0.5)

446.90
320.40
295.72
474.60
446.00
356.60
6880.00
6580.00
5872.20
6556.60
6268.90
6999.60
8686.70
122.00
179.79
125.00
1259.93
1220.08
1382.18
1073.45
1173.97
1055.29
1078.45
1066.70
984.99

21.30
13.80
17.00
24.00
25.50
20.90
470.00
445.60
376.30
396.70
373.40
435.40
557.40
3.94
6.33
3.58
83.00
76.65
85.10
75.53
74.36
75.99
68.80
70.70
64.51

*superficial
pectoral
(0.5)

*deep
pectoral
(0.5)

*super
coracoideus
(0.5)

16.30
12.20
11.80
17.60
17.40
15.30
95.72
82.90
72.30
84.70
83.50
91.60
246.40
5.23
10.30
4.79
55.00
52.87
54.73
45.63
48.36
44.33
47.46
46.66
42.69

2.50
2.10
4.20
3.30
3.30
2.80
183.00
173.60
152.50
159.80
147.00
196.00
136.80
0.72
1.50
1.09
10.60
10.22
12.48
10.23
10.25
10.80
10.70
10.25
9.45

3.40
2.40
2.10
2.30
3.20
1.50

9.40
13.50
15.30
13.10
10.10
0.12
0.58
1.77

*inboard
proximal
wing
(0.5)
7.30
5.70
7.10
8.30
9.00
7.20
72.17
229.00
135.20
154.50
155.80
165.20
246.20
3.24
3.50
3.07
38.55
41.98
54.73
34.39
34.59
34.29
33.39
34.34
30.27

*forearm
(0.5)
2.05
1.82
1.72
2.21
2.11
1.80
63.60
61.10
60.10
61.50
63.60
60.90
56.20
0.33
0.55
0.18
6.84
6.96
7.54
6.86
7.24
7.56
7.22
7.18
6.85

*neck

400.20
2.65
5.52
2.54
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Procellaria aequinoctalis
Procellaria aequinoctalis
Procellaria aequinoctalis
Procellaria aequinoctalis
Procellaria aequinoctalis
Procellaria aequinoctalis
Procellaria aequinoctalis
Procellaria aequinoctalis
Procellaria aequinoctalis
Procellaria aequinoctalis
Procellaria aequinoctalis
Procellaria aequinoctalis
Procellaria aequinoctalis
Procellaria aequinoctalis
Procellaria aequinoctalis
Procellaria aequinoctalis
Procellaria cinerea
Procellaria cinerea
Procellaria cinerea
Procellaria cinerea
Procellaria cinerea
Procellaria cinerea
Procellaria cinerea
Procellaria cinerea
Procellaria cinerea
Procellaria cinerea
Procellaria cinerea
Procellaria cinerea
Procellaria cinerea
Procellaria cinerea
Procellaria cinerea

White-chinned Petrel
White-chinned Petrel
White-chinned Petrel
White-chinned Petrel
White-chinned Petrel
White-chinned Petrel
White-chinned Petrel
White-chinned Petrel
White-chinned Petrel
White-chinned Petrel
White-chinned Petrel
White-chinned Petrel
White-chinned Petrel
White-chinned Petrel
White-chinned Petrel
White-chinned Petrel
Grey Petrel
Grey Petrel
Grey Petrel
Grey Petrel
Grey Petrel
Grey Petrel
Grey Petrel
Grey Petrel
Grey Petrel
Grey Petrel
Grey Petrel
Grey Petrel
Grey Petrel
Grey Petrel
Grey Petrel

M
M
M
M
M
F
F
F
F
M
M
M
M
F
M
F
F
F
F
F
F
F
F
F
F
F
M
F
F
M
F

1137.81
1373.86
1178.60
1188.22
1008.19
1256.19
987.91
1076.33
1351.56
1106.09
1263.83
1146.07
1193.34
1049.15
1248.65
1125.30
966.84
1005.48
949.00
944.50
851.10
980.00
915.36
1012.16
1029.24
942.28
999.64
855.60
914.28
1125.84
923.84

70.86
80.48
75.92
77.18
63.66
77.18
63.13
63.20
77.69
75.34
82.87
79.60
74.21
65.11
72.76
65.84
54.38
57.63
55.59
53.33
48.20
56.21
53.55
60.58
61.66
55.87
56.29
50.18
59.48
67.50
51.50

45.48
49.60
48.82
49.06
42.50
49.06
42.10
43.10
52.48
48.47
51.50
44.13
47.46
46.52
44.20
40.48
53.60
69.24
52.30
49.86
48.10
51.56
45.95
48.47
51.07
50.81
55.37
48.86
54.04
62.30
43.55

10.14
12.90
12.20
11.19
9.25
11.19
8.54
8.48
10.94
10.89
11.08
10.70
10.10
10.30
10.48
10.22
12.00
10.31
9.94
8.56
9.10
9.63
9.37
9.54
8.67
9.57
9.80
8.30
12.22
10.66
9.00

4.88

36.12
39.97
32.47
36.37
34.02
36.37
25.66
30.65
36.81
36.21
37.19
35.97
38.34
32.12
39.40
41.15
25.40
20.66
23.60
26.64
30.79
29.47
30.74
33.45
33.36
26.51
32.44
28.25
34.46
38.44
31.45

7.44
7.51
7.71
7.13
7.09
6.9
6.82
7.22
6.83
7.5
7.14
7.07
7.48
7.31
7.29
7.88
7.09
6.98
6.76
6.9
6.53
7.05
6.65
7.09
7.29
7.14
7.19
6.61
6.86
7.39
7.08

31.42
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Procellaria cinerea
Procellaria cinerea
Procellaria cinerea
Procellaria cinerea
Procellaria cinerea
Procellaria cinerea
Procellaria cinerea
Procellaria cinerea
Procellaria cinerea
Procellaria parkinsoni
Procellaria parkinsoni
Procellaria westlandica
Procellaria westlandica
Procellaria westlandica
Pterodroma macroptera
gouldi
Pterodroma macroptera
gouldi
Pterodroma macroptera
gouldi
Pterodroma macroptera
gouldi
Puffinis carneipes
Puffinis carneipes
Puffinis carneipes
Thalassarche bulleri
Thalassarche bulleri
Thalassarche bulleri
Thalassarche bulleri
Thalassarche bulleri
Thalassarche bulleri
Thalassarche bulleri
Thalassarche bulleri

Grey Petrel
Grey Petrel
Grey Petrel
Grey Petrel
Grey Petrel
Grey Petrel
Grey Petrel
Grey Petrel
Grey Petrel
Black petrel
Black petrel
Westland Petrel
Westland Petrel
Westland Petrel

F
F
M
M
M
M
M
M
M
F
F
M
F
M

956.44
951.34
1061.40
875.00
1090.00
1030.00
1040.00
1014.04
904.93
606.27
651.27
1032.16
989.20
1235.20

50.85
55.00
60.10
62.68
61.62
65.38
58.50
59.00
57.32
31.84
37.25
54.17
63.70
77.60

48.59
46.46
58.58
52.07
58.32
58.15
49.40
60.84
51.59
30.95
37.79
43.67
10.30
11.80

8.00
10.00
10.00
10.00
10.00
10.00
10.10
10.33
9.27
5.10
5.61
9.77
43.60
60.00

27.53
31.46
36.02
34.90
36.73
35.55
32.65
36.75
33.88
18.41
20.42
30.00
23.80
37.90

7.09
6.68
7.3
6.69
7.29
7.34
7.37
7.38
6.73
5.32
5.50
8.90
8.50
9.20

Grey-faced Petrel

M

497.12

21.24

31.00

4.26

14.29

3.45

Grey-faced Petrel

M

496.30

18.80

37.16

4.23

1.20

15.39

3.26

16.61

Grey-faced Petrel

F

479.50

18.85

33.49

3.94

2.30

11.80

2.60

12.04

Grey-faced Petrel
Flesh-footed Shearwater
Flesh-footed Shearwater
Flesh-footed Shearwater
Buller's Albatross
Buller's Albatross
Buller's Albatross
Buller's Albatross
Buller's Albatross
Buller's Albatross
Buller's Albatross
Buller's Albatross

M
F
M
F
F
F
M
M
M
M
M
M

531.00
459.00
586.20
605.10
2770.00
2521.00
2345.00
2760.40
2531.70
2473.25
3002.37
2613.72

29.93
34.30
38.62
42.13
170.00
155.36
163.55
175.70
179.30
176.60
173.50
201.60

34.27
27.10
34.34
26.24
92.38
77.13
76.00
33.60
33.90
30.40
27.00
31.20

4.53
4.62
5.13
7.31
29.66
28.71
28.29
85.70
83.90
79.50
92.90
89.20

3.16
1.45
1.54
3.69

21.51
11.50
13.15
18.62
72.65
90.74
79.56
68.20
65.10
68.10
62.80
72.00

3.44
5.92
3.99
5.11
22.20
22.50
23.70
26.90
25.30
22.00
21.60
22.80

15.15
25.23
23.90
23.58

4.10
1.70

3.20
3.30
3.30
9.90
3.30
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Thalassarche bulleri
Thalassarche bulleri
Thalassarche bulleri
Thalassarche bulleri

Buller's Albatross
Buller's Albatross
Buller's Albatross
Buller's Albatross

F
M
M
F

2413.04
3177.88
2738.21
2955.81

146.10
211.10
167.00
147.70

27.50
36.30
28.50
31.90

66.40
94.80
68.20
76.80

3.00
4.80
3.70
3.20

58.10
68.30
65.20
54.90

22.50
25.30
22.30
24.20

Thalassarche bulleri
Thalassarche bulleri
Thalassarche bulleri
Thalassarche bulleri
Thalassarche bulleri
Thalassarche eremita
Thalassarche eremita
Thalassarche eremita
Thalassarche eremita
Thalassarche eremita
Thalassarche eremita
Thalassarche impavida
Thalassarche impavida
Thalassarche melanophrys
Thalassarche salvini
Thalassarche salvini
Thalassarche salvini
Thalassarche salvini
Thalassarche salvini
Thalassarche salvini
Thalassarche salvini
Thalassarche steadi
Thalassarche steadi
Thalassarche steadi
Thalassarche steadi
Thalassarche steadi
Thalassarche steadi

Buller's Albatross
Buller's Albatross
Buller's Albatross
Buller's Albatross
Buller's Albatross
Chatham Albatross
Chatham Albatross
Chatham Albatross
Chatham Albatross
Chatham Albatross
Chatham Albatross
Campbell Albatross
Campbell Albatross
Black-browed Albatross
Salvin's Albatross
Salvin's Albatross
Salvin's Albatross
Salvin's Albatross
Salvin's Albatross
Salvin's Albatross
Salvin's Albatross
White-capped Albatross
White-capped Albatross
White-capped Albatross
White-capped Albatross
White-capped Albatross
White-capped Albatross

M
M
M
M
M
M
M
M
M
F
F
F
M
M
M
M
M
M
M
F
F
F
?
F
F
F
M

2788.58
2908.86
2978.24
2991.90
3146.20
3889.40
3505.10
3729.50
3775.00
3540.90
3248.50
2480.00
3204.60
3761.20
3754.50
3662.90
4242.80
3785.50
3842.80
3173.20
3676.50
4143.60
4488.60
3511.80
4112.10
3600.30
4733.20

186.20
209.90
155.00
195.90
205.10
237.10
207.50
226.20
238.90
191.80
195.00
186.00
223.70
235.90
234.30
238.80
267.50
266.10
253.50
214.00
218.70
242.00
280.00
221.00
269.30
230.00
285.40

36.10
32.90
39.00
96.20
98.81
117.30
100.30
110.10
122.10
103.40
102.90
96.54
102.40
39.90
119.00
103.10
128.70
112.60
115.00
103.90
50.90
121.30
133.00
115.00
134.30
109.00
137.70

92.30
88.20
93.70
31.78
35.91
39.10
42.80
46.90
48.80
39.90
38.10
30.28
36.00
111.60
44.20
48.60
50.70
46.40
49.10
41.00
110.60
51.20
60.00
50.30
52.13
45.33
58.40

6.50
3.90
3.30
10.48
8.66
24.60
17.60
16.60
16.50
12.70
25.00

48.00
72.50
74.80
58.00
106.52
106.20
61.10
78.90
90.00
66.00
81.10
63.40
28.90
74.20
101.20
58.40
59.30
94.10
86.40
73.50
67.40
146.00
163.00
139.20
159.30
139.00
167.00

22.80
24.60
24.30
21.60
20.12
32.50
43.20
30.60
27.90
28.90
27.80
22.67
25.73
30.00
41.10
42.30
42.60
34.30
37.30
25.10
31.00
31.14
31.69
32.09
30.57
29.89
33.64

8.70
11.90
28.00
21.70
32.20
12.50
16.20
12.70
11.70

127.28
127.43

131.05
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Thalassarche steadi
Thalassarche steadi
Thalassarche steadi
Thalassarche steadi
Thalassarche steadi
Notes:

White-capped Albatross
White-capped Albatross
White-capped Albatross
White-capped Albatross
White-capped Albatross

M
M
F
M
F

4957.50
4670.70
3783.20
4623.30
3287.60

258.30
329.88
186.00
311.80
226.00

145.00
149.00
116.00
134.40
48.80

54.56
57.00
48.00
63.30
136.70

14.80

163.00
179.00
116.00
145.10
83.40

33.25
33.3
30.12
32.67
31.80

(0.5) means one muscle set only measured
Mass in g.
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